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ABSTRACT 
The United States (US) swine industry plays an important role in providing a safe and 
reliable source of animal proteins for a growing world population. As the industry evolves and 
society advances, producers face new and complex challenges such as optimizing animal 
production, welfare, and health. This dissertation contributes novel evidence-based knowledge to 
address current swine housing and management challenges in several key areas that formed the 
objectives of this dissertation, which were to: develop a computer vision system to monitor sow 
behavior in farrowing stalls (Chapter 2), evaluate the impacts of farrowing stall layout and 
number of heat lamps on sow and piglet productivity (Chapter 3) and behavior (Chapter 4), 
quantify the static and dynamic space usage of late gestation sows (Chapter 5), and determine 
supplemental heat requirements to implement ventilation shut down plus and virus inactivation 
(Chapter 6).  
The research presented in this dissertation contains the following discoveries. In Chapter 
2, a large-scale computer vision system was established and implemented to simultaneously and 
continually monitor 60 farrowing stalls. The semi-automatic image processing algorithm 
achieved sow posture classification accuracies of >99.2% (sitting: 99.4%, standing: 99.2%, 
kneeling: 99.7%, lying: 99.9%) and >97% accuracy for sow behaviors (feeding: 97.0%, drinking: 
96.8%, other: 95.5%). The computer vision system provided the foundation for carrying out the 
subsequent study concerning the impact of farrowing stall layout and management strategies.  
It was revealed in Chapter 3 that farrowing stall physical dimensions and number of heat 
lamps for localized heating did not significantly impact the percentage of pre-weaning mortality, 
overlay, number of piglets born alive, number weaned, average daily weight gain, or litter 
xvi 
uniformity. Stall layout did significantly influence percent stillborn; however, the difference was 
not of practical significance. 
While experimental treatment did not significantly impact production outcomes, there 
were significant sow and piglet behavioral differences which are reported in Chapter 4. It was 
found that sows in wider stalls spend more time lying down and less time sitting. Piglets in stall 
layouts with expanded creep areas spent more time in the creep and less time near the sow 
compared to traditional stall layouts. Further, when two heat lamps were used sows spent 
significantly more time lying and piglets spent a greater proportion of time in the heated areas.  
Static and dynamic space usage of individually housed gestating sows was quantified and 
reported in Chapter 5. An average 228 kg sow requires stall dimensions of 196 × 115 × 93 cm (L 
× W × H) to provide uninhibited space. To accommodate average to 95th percentile (267 kg) 
sows, minimum stall dimensions need to be 204 × 112 × 95 cm. The 95th percentile sow space 
usage had a 4% decrease in length, 84% increase in width, and 5% decrease in height compared 
to typical gestation stall dimensions. 
Chapter 6 describes the development of a model to predict minimum supplemental heat 
requirements for ventilation shut down plus and virus inactivation (VSD+). Tables are presented 
with heating values needed to achieve greater than 95% mortality within 1 h of VSD onset, as 
well as for virus inactivation for African Swine Fever (ASF). Requirements of supplemental heat 
for various pig body weights, ambient conditions, facility air tightness, and stages of production 
are estimated.  
Overall, this dissertation provides information to fill knowledge gaps regarding current 
challenges in the US swine industry. Results can be used to guide producers as they strive to 
xvii 
provide safe and reliable pork for the growing world population while safeguarding wellbeing of 
the animals. 
1 
CHAPTER 1.    GENERAL INTRODUCTION 
This general introduction provides background information and context for the 
subsequent chapters of this dissertation. Relevant literature, industry climate, and experimental 
motivations for subsequent chapters are discussed. This chapter presents an overview of the 
dissertation organization and specific objectives as well as a description of practical implications 
and outcomes.  
 
Purpose 
The global human population continues to increase. With a population of 8 billion people 
in 2020, it is anticipated that the world population will approach 10 billion by 2050 (United 
Nations, n.d.). In order to meet the dietary needs of this populous, a safe and reliable supply of 
protein is required. The pork industry helps fulfill this need. In the United States (US), over 115 
million pigs are sent to market annually (National Pork Producers Council, n.d.). In addition to 
providing food, the pork industry is an important economic driver in the US. Domestically, the 
swine industry supports around 550,000 jobs and a gross income of $20 billion (National Pork 
Producers Council, n.d.). Nearly one third of all US pork production takes place in Iowa, making 
the swine industry critical for the economy and people of this state (Pork Checkoff, n.d.).  
While pork production efficiency metrics are generally increasing in the US, some 
challenges still remain for producers (Stalder and National Pork Board, 2017). This dissertation 
identifies and addresses two main areas of opportunity by providing guidance on housing design 
and management strategies. The first area addresses individual stall housing during gestation and 
farrowing, while the second area offers a method to manage overall swine population health in 
the event of a severe infectious disease outbreak (e.g., African Swine Fever). 
2 
 
Gestation Stalls 
During gestation, sows are commonly housed in individual stalls. These stalls typically 
have nominal dimensions of 0.61 × 2.13 × 1.0 m (W × L × H). The stall walls are made of bars 
comprised of galvanized or painted steel shaped as round tubing or flat or round stock (Figure 
1.1). In some designs the stall bars are oriented vertically, but most often they are horizontal (i.e., 
parallel to the length of the stall). Vertical spacing of the bars vary by manufacturer, but are 
generally large enough to allow the sow visual and nose contact with neighboring sows while 
inhibiting biting. A vertical gap between the lowest horizontal bar and the floor allows the sow to 
extend her legs outside of her own stall area and into the neighboring space when lying. 
Gestation stalls have additional bars across the top of the stall to prevent the sow from jumping 
or climbing. In stalls for early gestation, the top section of bars is typically only over the front 
portion of the stall to allow caretaker access to the sow for heat checking and breeding. Stalls 
typically have hinged doors on the front and back to enable easier movement of sows. Flooring is 
commonly partially or fully slatted concrete to enable waste to fall below the floor into a manure 
pit. Concrete slats allow for cleaning and disinfecting as needed. Each stall features a feed and 
water delivery system. Feed is often delivered by automated feed lines and deposited in a trough 
or on the floor, and water is commonly provided by a nipple drinker or trough. Gestation stalls 
are typically aligned lengthwise in rows with access alleyways at the rear and front of the stalls. 
3 
Figure 1.1. A typical gestation stall layout inside a US sow facility (Pork Checkoff, n.d.). 
 
Gestation stalls were widely adopted in the US swine industry as production system 
shifted from small outdoor operations to large confined housing facilities in the 1980s (Midwest 
Plan Service, 1983). Individual sow housing in stalls allows for higher animal densities and 
lower facility building and operating costs, as well as improved conception rates and decreased 
aggression between sows (Broom et al., 1995). By providing individual feeding, gestation stalls 
enable management to effectively monitor and address individual sow body condition and 
nutritional needs.  
Individual housing in gestation stalls limit the amount of space provided to each sow. In 
particular, gestation stalls prevent sows from turning around. This limitation improves 
management efficiency, but is often interpreted as infringing on the basic animal welfare 
requirements described in the Five Freedoms (Farm Animal Welfare Council, 1979). It is also 
important to consider the quality of space provided in gestation stalls, as stereotypies and 
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shoulder sores are more prevalent in sows housed in individual stalls compared to open pens 
(Andersen et al., 2014; Herskin et al., 2011).  
As a result, several countries and US states have passed legislation to eliminate or limit 
how stalls are being used in commercial swine production. For example, in the European Union, 
gestating sows cannot be housed in stalls longer than one month after breeding (Council of the 
European Union, 2008). This shorter period of stall housing is permitted to enable breeding and 
improve conception rates.  
Similar legislation has been passed in several states in the US. The first legislation was 
passed in Florida in 2002 and declared it unlawful to house gestating sows in tethers or 
enclosures that prevent turning around (Constitution of the State of Florida, n.d.). Similar 
legislative acts soon followed in Arizona (2006), Ohio and Oregon (2007), California and 
Colorado (2008), Maine and Michigan (2009), and Rhode Island (2012) (“Farm Animal 
Confinement Bans by State,” 2020; Vansickle, 2007). However, in some states and agencies 
there has been reluctance to pass such legal measures. In 2013, a gestation stall ban was passed 
by New Jersey voters, General Assembly, and Senate, but vetoed by the governor (215th 
Legislature State of New Jersey, 2012). A similar bill was again passed by the legislature of New 
Jersey the following year and again vetoed by the governor (216th Legislature State of New 
Jersey, 2014; Brodesser-Akner, 2014). In 2018, further legislative action was passed in 
California to limit stall usage for gestation and farrowing, but has not been enacted as law due to 
legislative countersuits (Padilla, 2018; Schulz, 2018). These instances of contentious litigation 
indicate that additional science-based information is needed to better inform policy decision 
making on gestation stalls.  
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Some commercial integrators are voluntarily converting to pen gestation for sows due to 
welfare reasons, customer pressure, or in anticipation of mandatory legislation. For example, in 
2014, Smithfield Foods, Inc. began encouraging its contract producers to switch to gestation pens 
by 2020 (Doering, 2014). Similarly, Iowa Select Farms began retrofitting gestation stall facilities 
and all new construction facilities as pen gestation in 2017 (Freese, 2017). However, due to the 
benefits of stalls stated above, many producers still house sows in stalls for the early stages or 
duration of gestation. Therefore, the inquiries on quantity and quality of space in stalls remain 
relevant to US production systems. Further research is needed to evaluate varying stall 
dimensions, as well as alternatives to stalls, and their implications on production, management, 
and welfare of gestating sows. 
 
Farrowing Stalls 
Individual sow stalls are also commonly implemented for farrowing and lactation. The 
sow areas in these stalls are similar to gestation stalls, as they are often of the same dimensions 
and composition (Figure 1.2). The bottom horizontal bar is often a greater distance above the 
floor than in gestation stalls to allow easier udder access for piglets. Further, stalls may have a 
bottom horizontal bar that is adjustable or bowed, or use short vertical bars at the bottom of the 
stall (Rohde Parfet et al., 1989). Farrowing stalls also feature a 2.13 × 0.46 m area on either side 
of the sow stall for piglet creep areas. This design allows the piglets to roam the entire creep and 
sow area as desired, but limits the sow to the middle sow stall portion. Farrowing stalls are 
typically arranged side by side in rows and separated by metal or plastic panels to ensure piglets 
remain in the stall. Feed for sows is typically provided in a trough and water for sows and piglets 
is commonly available via nipple drinkers. Flooring is often of metal slats, plastic slats, or coated 
expanded iron.  
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Figure 1.2. A sow and her litter housed in a farrowing stall (Pork Checkoff, n.d.). 
 
Sows 
During this stage of the production cycle, stalls are used to reduce piglet pre-weaning 
mortality (PWM) and streamline management. Housing sows in stalls with a separate creep area 
for piglets reduces PWM by providing a warmer microclimate for piglets in the creep area 
(Glencorse et al., 2019). This encourages piglets away from the sow and reduces the likelihood 
of injury or overlay (crushing) from the sow. Additionally, farrowing stalls enable easier and 
safer caretaker interventions during parturition compared to open pens (Edwards, 2002). When 
housed individually, sow nutrition and health can be more precisely monitored and managed.  
Similar to gestation stalls, farrowing stalls also incite discussion regarding sow welfare as 
sow areas in farrowing stalls often have the same dimensions as gestation stalls. Additional 
apprehension regarding farrowing stalls involves sow behavior. It is well documented that sows 
exhibit strong nest site seeking and nest building behaviors prior to parturition (Andersen et al., 
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2014; Baxter et al., 2011). However, farrowing stalls do not accommodate these behaviors. 
Malleable substrates such as straw are not typically provided in US production systems due to 
biosecurity and waste management and complications, and as a result an increase in sow bar 
biting is common (Andersen et al., 2014). To address welfare concerns regarding space 
allocation, some swine housing manufacturers have begun to offer enlarged stalls with greater 
length. There is scarce scientific data on how providing this additional space in the sow stall may 
impact sow productivity and behavior during farrowing and lactation.  
 
Piglets 
In addition to space allocation for sows in farrowing stalls, space allocation for piglets is 
also an important design consideration. National industry trends of increased litter size and 
length of lactation result in more and heavier piglets reared in the same traditionally sized creep 
area (Rutherford et al., 2013; Stalder and National Pork Board, 2017). This could indicate 
inadequate floor area for piglets in large litters and may reduce weight gain or negatively impact 
piglet comfort. Therefore, the production and behavioral outcomes of providing additional creep 
area should be investigated. 
While innumerable supplemental heat source options for piglets are commercially 
available, the most commonly used configuration in the US is a single heat lamp. Heat lamps are 
economically viable and straightforward to manage and replace. Additionally, piglets prefer 
radiant heat in the critical initial days of life (Larsen et al., 2017; Xin et al., 1997). While 
supplemental heat sources can help reduce PWM, the US national PWM rate averaged 17.8% in 
2017 (Lay et al., 2002; Stalder and National Pork Board, 2017). Each mortality is an economic 
loss for the producer, and the morbidity often associated with mortality lead to poor welfare 
conditions for impacted piglets. A reduction in PWM would improve the efficiency of the 
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production system. Therefore, reduction of PWM by improving the piglet microenvironment 
offers a worthy area of opportunity for scientific exploration. 
  
Ventilation Shut Down Plus 
Another current issue facing commercial US swine producers is the threat of foreign 
animal diseases. Modern commercial swine production sites house a large number of pigs; as 
such, infection of a single site could impact thousands of pigs. With frequent movement of feed 
trucks, pig transport, and caretakers, disease could easily be spread between multiple production 
sites. This is particularly true when livestock facilities are geographically dense. Transmission of 
a foreign animal disease could be debilitating for the industry.  
One disease of concern is foot-and-mouth disease (FMD). While FMD has not been 
reported in the US since 1929, it is present in about two thirds of countries worldwide and is 
known to be highly contagious (USDA APHIS, 2017). An outbreak of FMD in the US could cost 
$15 to $100 billion and disrupt livestock industries (USDA APHIS, 2017).  
African Swine Fever (ASF) is another foreign disease of increasing interest with 
potentially devastating impact to US pork production. Initially identified in the 1920s, ASF is 
endemic in parts of sub-Saharan and West Africa (USDA APHIS, 2019). While no cases of ASF 
have been found in the US, since 2018 the virus has been spreading widely throughout Asia and 
Europe (USDA APHIS, 2019). As a result of ASF infections, China has culled over 40% of its 
breeding herd, costing more than $37.8 million in culled pigs (Shao et al., 2018). A similar 
outcome is feared from an ASF outbreak in the US. The virus is resilient, and considering the 
variety and volume of products from China and other ASF positive countries that are imported 
into the US each day, a domestic outbreak of ASF can be a possibility. 
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Vaccines against foreign animal diseases are not widely used in the US. For example, 
routine vaccinations are not typically provided against FMD in livestock because there are many 
different strains of the virus around the world and it is difficult to predict which ones should be 
vaccinated against (USDA APHIS Veterinary Services, 2017). Additionally, widespread 
vaccinating for FMD would have negative impacts on international trade (USDA APHIS 
Veterinary Services, 2017). At present, no vaccine is available for ASF (USDA APHIS, 2019). 
In the event of an FMD or ASF outbreak, containment of the virus is crucial. 
Containment is often accomplished by rapid depopulation, or “stamp-out”, of infected facilities 
(American Veterinary Medical Association, 2019; USDA APHIS, 2017). There are several 
methods for rapid depopulation of swine approved by the American Veterinarian Medical 
Association (AVMA) in the event of an emergency (American Veterinary Medical Association, 
2019). Many of the methods are labor intensive or require specialty tools or equipment, but the 
option of ventilation shut down plus (VSD+) offers an alternative with fewer input resources. To 
implement VSD+, mechanical ventilation is turned off and any inlets or outlets sealed to restrict 
air exchange in the facility. Supplemental heat or chemicals such as carbon dioxide (CO2) are 
added to the indoor environment to expediate mortality. The indoor temperature rises, and per 
AVMA guidelines greater than 95% mortality should be achieved in less than 1 h (American 
Veterinary Medical Association, 2019). This method was used successfully during the 2015 
Highly Pathogenic Avian Influenza outbreak in poultry in the US, and could be a viable option 
during swine emergency situations as well (USDA APHIS, 2016; Zhao et al., 2019).  
In most cases supplemental heat will be utilized to accomplish VSD+ in a swine facility. 
The amount of additional heat required varies with facility type, quality of construction, number 
and body weight of pigs, and ambient conditions. These factors and their interactions are critical 
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to VSD+ implementation. Therefore, a flexible model to simulate the indoor environment during 
VSD+ in a variety of conditions is needed to determine appropriate supplemental heat levels and 
aid in emergency preparedness or response. 
 
Organization of Dissertation and Objectives 
This dissertation is comprised of seven chapters. Chapter 1 provides a general 
introduction and review of relevant literature. Chapter 2 is a published manuscript describing an 
image acquisition and processing system to assess sow postures and behaviors in farrowing 
stalls. Chapters 3 and 4 are manuscripts describing an experiment evaluating three farrowing stall 
layouts which were tested in conjunction with one or two supplemental heat lamps. Chapter 3 is 
a published manuscript that provides information on sow and piglet production performance, 
while Chapter 4 implements the computer vision system described in Chapter 2 to evaluate sow 
and piglet behavior. Chapter 5 is a manuscript describing the static and dynamic space usage of 
modern gestating sows. In Chapter 6, simulations of VSD+ in swine facilities and supplemental 
heat requirements are presented. Lastly, Chapter 7 provides general conclusions and suggestions 
for future directions.  
 
Practical Implications and Outcomes 
The experiments and information provided in this dissertation are expected to fill some 
knowledge gaps by addressing current issues in commercial swine production. Specifically, this 
dissertation makes recommendations for farrowing stall layout and number of supplemental heat 
lamps based on sow and piglet production performance and behavior. Recommendations on stall 
dimensions to provide gestating sows with unrestricted space are also created. Finally, a 
computer simulation tool is presented to guide in the planning and implementation of VSD+. 
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Overall, this dissertation contributes to addressing some of the pressing challenges faced by 
modern commercial swine producers.   
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This chapter describes the design and implementation of a computer vision system for 
monitoring sow postures and behaviors in farrowing stalls. Selected equipment and its 
installation are explained, as well as the custom image processing algorithm that was created. 
This processing algorithm achieved high accuracy in classifying sow postures and behaviors 
compared to human observers.  
This chapter is a product of the combined efforts of Suzanne Leonard, Hongwei Xin, 
Tami Brown-Brandl, and Brett Ramirez. Xin and Brown-Brandl secured funding for the project 
and contributed to the research design of the project. Dr. Brown-Brandl and I worked on system 
implementation and operation. I wrote the image processing algorithm, conducted the accuracy 
analysis, and drafted the manuscript. All parties were involved with the revision of the 
manuscript. 
 
Abstract 
Animal behavior can be an indicator of animal productivity and well-being, and thus an 
indicator of how animals respond to changes in their biophysical environment. This study 
monitored the behaviors of sows and piglets in a commercial setting utilizing an autonomous 
machine vision system. The objectives of this research were to: (1) implement a digital and time-
of-flight depth imaging system, (2) develop a process with minimal user input to analyze the 
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collected images, and (3) calculate the hourly and daily posture and behavior budgets of sows 
housed in individual farrowing stalls. Depth sensors were centered above each stall in three 
farrowing rooms (20 sows per room) and controlled by mini-PCs, acquiring images continuously 
at 0.2 FPS. Data files were transmitted via Ethernet cable to a switch, then to a 50 TB disk 
station for storage. Recorded image data were subsequently analyzed to quantify sow posture 
budgets and behaviors using a computer processing algorithm. Algorithm classifications were 
compared to those of trained human labelers with sow posture classified correctly >99.2% 
(sitting: 99.4%, standing: 99.2%, kneeling: 99.7%, lying: 99.9%). Specificity and sensitivity 
parameters for posture classifications were >84.6%, with the exception of lower specificity for 
kneeling (20.5%). When lying, direction (sow lying on left or right side of body) was classified 
with an accuracy of 96.2%. Sows that were not lying were also labeled with a behavior, 
including feeding (97.0% accuracy), drinking behavior (96.8% accuracy), and other behavior 
(95.5% accuracy). Each non-lying behavior label had specificity >88.3% and sensitivity >77.4%. 
This autonomous system enables acquisition of a large amount of replicated data to evaluate the 
effects of changing the farrowing environment on sow behavior and potentially well-being.  
Keywords 
Animal well-being, computer vision, Kinect®, precision livestock farming, swine. 
 
Introduction 
Farrowing environment is one of the most challenging aspects of commercial swine 
production. It is a dynamic phase for the sow, as she transitions from gestation to farrowing and 
lactation, along with the associated stressors and changing dietary needs. This stage of 
production is delicate for piglets as well, as they are most susceptible to crushing, chilling, and 
malnutrition soon after farrowing. Housing design and management is ideally aimed to 
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accommodate the diverse needs of both piglets and sows, but due to the complex, interaction of 
animal and environment, compromises occur. Thermal needs, for example, are different for 
lactating sows and suckling piglets (MWPS-8), yet only one air temperature exists for their 
shared space. Many other production factors are changing as well, such as seasonal effects (King 
et al., 2018) and differences in breeding lines (Shurson & Irvin, 1992; Bloemhof et al., 2008). 
Mitigating these dynamic factors is nontrivial and such challenges contribute to an annual 
average US pre-weaning mortality of 17.8% (Stalder, 2018), amounting to substantial economic 
loss. A better understanding of how the farrowing environment (both thermal and space 
allowances) impact sows and piglets would be beneficial to reducing production losses. 
Scientific research is needed to advise management on the implications of changes in the 
dynamic farrowing barn environment. In order to be effective, these studies require many 
replicates of different treatments and monitor multiple parameters of animal response.  
Animals alter their behavior in response to environmental changes or challenges (Boon, 
1981; Shao and Xin, 2008). These behavioral responses can be indicators of varying levels of 
productivity and health. Behavior can also provide insight into animal well-being that may not be 
readily identified from productivity data. For example, maternal behavior of individual sows has 
been shown to affect the litter viability (Andersen et al., 2004). Some of sow behaviors, 
specifically postural changes of lying down and rolling over, have been identified as the most 
dangerous behaviors with respect to piglet crushing (Damm et al., 2004). Pig activity levels have 
also been monitored to detect health challenges (Matthews et al., 2016), as ill animals will 
demonstrate lower levels of activity. Conversely, an increase in activity levels could be a 
behavioral indicator preceding a tail biting outbreak (Statham et al., 2009). Deviations from 
typical patterns of drinking could be used to monitor for health challenges occurring in 
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individual animals (Andersen et al., 2014). Similarly, monitoring feeding behaviors can be used 
to accurately detect the onset of sickness (Brown-Brandl et. al, 2016). Animal behavior can be 
used to identify potential production concerns and as supplement to aid management strategies.  
Various sensing systems have been developed to monitor sow behavior, primarily for 
research purposes. Accelerometers have been deployed to record resting, moving, and eating 
behaviors (Liu et al., 2018) as well as to predict the onset of farrowing (Pastell et al., 2016). 
These devices are limited to monitoring only targeted behaviors and thus may neglect other 
behaviors sows exhibit, such as drinking. Digital camera systems have been implemented as non-
contact approach to capture additional information and behaviors such as aggression (Viazzi et 
al., 2014); however, such studies are often limited by poor lighting conditions at night or lengthy 
processing time. Depth cameras have overcome these issues through successful implementation 
in farrowing rooms to monitor interbirth interval of piglets (Okinda et al., 2018) and sow nursing 
behaviors (Yang et al., 2018). A camera system developed by Zheng et al. (2018) evaluated 
select postures of sows housed in open-access pens. Most US producers house sows in farrowing 
stalls, making such pen studies less relevant for US swine production. The use of farrowing stalls 
creates further difficulties for camera systems as animals are partially obscured by stall bars. Lao 
et al. (2016) developed a system for determining sow postures from depth images in stalls, but 
this system was capable of monitoring only a few animals at once. Often there are a variety of 
sow parities, piglet health status, and farrowing dates in a single room, creating a complex 
system that requires many replicates to adequately account for such variation in experimental 
trials. Number of replicates is often a limiting factor for machine vision systems, as equipment 
can be expensive, but small-scale systems cannot deliver the statistical power needed to make 
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informed production management decisions that often must address a wide range of variability 
sources, including climates, housing design, construction, and personnel.  
To effectively meet the need for simultaneous monitoring of farrowing environment 
animal behaviors with a large number of replicates, a machine vision and data storage system 
was developed utilizing time-of-flight depth sensors coupled with mini-PCs. This system 
monitored sow posture as well as behavior in farrowing stalls, and was not affected by lighting 
conditions. The objectives of this research were: (1) implement a machine vision system with 
digital and depth images and data storage, (2) develop a process with minimal user input to 
classify sow posture (lying, sitting, standing, kneeling), lying orientation (right or left side of 
body), and behavior (feeding, drinking, other), and (3) verify classification algorithm accuracy, 
sensitivity, and specificity when compared to human labeling. 
 
Materials and Methods 
System Overview 
The data acquisition system was implemented at the United States Department of 
Agriculture - Agricultural Research Service U.S. Meat Animal Research Center in Clay Center, 
Nebraska. Typical commercial sow (Landrace × Yorkshire) husbandry practices were followed 
at the facility. This system was installed in a newly constructed farrowing building containing 
three environmentally controlled rooms, with each room comprising 20 farrowing stalls. 
Farrowing stalls had outer dimensions of 1.8 m (W) × 2.7 m (L) and were aligned in two rows of 
10 stalls in each room, with a 1.2 m central walking alley between the two rows.  
A triangular aluminum theatrical truss was mounted above each row of farrowing stalls, 
spanning the 21.6 m length of the room with the bottom side of the truss approximately 2.6 m 
above the floor. The truss was secured to the wall at both ends of the room and additional 
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support was provided by metal rods attached to the ceiling intermittently along the truss length. 
Above each farrowing stall, angle iron was attached perpendicularly to the truss for securing the 
waterproof (NEMA4 specification) plastic boxes (YH-121006, Polycase, Avon, OH, USA) 
containing the time-of-flight depth sensors (range 0.5 to 4.5 m) with integrated digital cameras 
(Kinect V2®, Microsoft, Redmond, WA, USA; Lachat et al., 2015). These boxes featured a 
hinged lid with snap closures and were mounted such that the lid opening faced the floor (fig. 
2.1). During data collection the lids were held open by bungee cords, enabling a clear line of 
sight between the Kinect V2® and the farrowing stall below. Lids were closed during pressure 
washing and disinfecting between farrowing groups to protect the electronics. Each Kinect V2® 
was affixed with a bolt through a manufactured hole in its base to the sidewall of the plastic box 
such that the lens pointed downward toward the floor, providing a top view of the farrowing stall 
below. Each Kinect V2® was approximately 2.55 m above the floor, providing a floor coverage 
area of 3.6 m (L) × 2.9 m (W) with depth (512 × 424 pixels) and digital (1920 × 1080 pixels) 
images. Split cable glands (KVT25, icotek Corp., Chicago, IL, USA) were used to ensure a 
watertight seal around the Kinect V2® cord as it passed through the box and silicone was applied 
around the outside of the fasteners in the box. The room had 120V AC electrical receptacles 
suspended from the ceiling near the truss, which were utilized for power. 
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Figure 2.1. Kinect V2® installation, as viewed from below. A triangular theatrical truss (a) ran 
the length of the room with angle iron (b) attached above each farrowing stall. The Kinect V2® 
sensors (c) were mounted on the angle iron in plastic boxes with hinged lids, with the camera 
lenses pointed downward towards the floor. 
 
Aluminum C-channel was used to route and organize the Kinect V2® USB cords from the 
truss over a radiant tube heater (spanning the length of the room). A 1.2 m long USB extender 
connected the USB cord to the mini-PC (ZBOX-CI325NANO, ZOTAC, Duarte, CA, USA; 
RAM: 8 GB, CPU: 1.8 GHz, SSD: 120 GB). The C-channel shielded the cables from direct 
pressure washing from below. All-purpose paraffin wrap (PM996, Beamis Company, Inc, 
Oshkosh, WI, USA) was used as additional waterproofing around the signal and power converter 
boxes and heat shrink with resin was used to waterproof the USB to USB extender connection. 
Instrumentation and Image Acquisition  
One mini-PC with Windows 10 Home Edition (Windows 10 Home, Microsoft, Redmond, 
WA, USA) was connected to one Kinect V2® sensor. Each mini-PC was mounted approximately 
1.4 m above the floor on the wall behind each farrowing stall in a waterproof plastic box 
(121006, Polycase, Avon, OH, USA) with a hinged transparent lid. The mini-PCs sat on the 
bottom edge of the box and a display monitor (2406, Adafruit, New York City, NY, USA; 800 × 
480 pixel resolution) was installed inside each box. Display screens were added and remained 
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on, enabling users to check system operation without needing to open the waterproof box or 
handle any of the equipment. All cords connected to the mini-PCs were passed through split 
cable glands (KVT 25, icotek Corp., Chicago, IL, USA) for weatherproofing. Two water and 
dust proof vent plugs (DA 284, STEGO Elektrotechnik GmbH, Surrey, England; air permeability 
of 120 L h -1) were placed through the box, with one on the top and bottom sides.  
The 20 mini-PCs in one room saved data to one disk station (DS1517+, Synology Inc, 
Bellevue, WA, USA). A disk station contained five 10 TB drives (ST10000VN0004, Seagate 
Technology LLC, Cupertino, CA, USA) for a total of 50 TB of storage space per disk station. 
Data were transferred via CAT 5E Ethernet cable from each mini-PC to an Ethernet switch (TL-
SG1024, TP-Link Technologies Co, Ltd, Brea, CA, USA) then saved to the disk station. Each 
disk station and Ethernet switch were stored in a weatherproof cabinet (one cabinet per disk 
station), located in the hallway adjacent to one of the farrowing rooms. All cables into the 
cabinets were passed through cable glands to prevent dust and water from entering the cabinets. 
Electrical power was supplied to the cabinets from 120V AC electrical receptacles located in the 
hallway and an uninterruptible power supply was used to improve stability of the system. 
An executable program was developed in MATLAB (R2017a, The MathWorks, Inc, 
Natick, MA, USA) to operate the Kinect V2® and collect one digital and depth image (fig. 2.2) 
once every 5 s. Literature indicates that sows housed in stalls take on average 12-21 s to 
transition from standing to lying, thus the capture rate was set at 0.2 FPS to capture at least two 
frames of transitional posture while avoiding oversampling to reduce costly storage space 
(Damm et al., 2004; Marchant and Broom, 1996). A sample point of one digital and one depth 
image required ~2.8 MB of total storage space. For example, 17,000 images (48 GB of data) 
were collected each day from one farrowing stall. The system collected continuously for the 
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duration of the 5-week lactation cycle, capturing pre-farrowing, farrowing, and lactation. This 
resulted in about 595,000 images per sow, requiring 1.7 TB of storage space. In one lactation 
cycle, for one room containing 20 sows, approximately 34 TB or 11.9 million images were 
collected.  
Figure 2.2. Sample digital (a) and depth (b) images taken using this system. 
 
Image Processing 
An algorithm was developed using MATLAB to analyze the depth images to classify sow 
posture and behavior. First, raw depth images were imported and pixels with a depth value 
outside the feasible sow height range were removed (fig. 2.3). Irrelevant areas (with respect to 
the sow), such as piglet creep areas, were trimmed from the image. Next, background objects 
with known locations and depths were removed (i.e., back gate of the sow stall and feeder 
trough). Bars across the top of the stall obstructed a portion of the sow from the Kinect V2® field 
of view. To avoid missing information in the final processed sow blob created by these bars, 
each bar was split along its long axis (horizontal in image) to create a top and bottom section. 
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For each edge pixel along the length of the bar, the average depth of the three nearest pixels in 
the y-direction (short axis of the image) was calculated. This average was then assigned to all 
missing y-direction pixels for a given edge pixel to recreate the missing depth information in the 
half section of the bar. The distance of three pixels was selected to ensure pertinent depth 
information was being accounted for while avoiding unrelated pixel information. In this manner, 
the pixels adjacent to the bars were used to make assumptions and fill in the obstructed portions 
of the sow stall in order to create a contiguous sow blob.  
The modified depth image was then converted to a binary image and objects with a pixel 
area less than 200 were removed. Holes were smoothed and filled and the blob with the greatest 
pixel area was selected as the sow blob. All other pixels excluded from the sow blob were 
removed and the binary image was superimposed on the depth image, such that the sow blob 
retained its original depth information.  
Figure 2.3. Raw depth images (a) were cropped to the area of interest (b). All elements except for 
the sow were removed (c) and missing areas were filled and smoothed (d). 
 
Once the sow blob was isolated in the image, the centroid was identified and labeled 
point (c) (fig. 2.4). The leftmost pixel along the horizontal axis near the head, as the sow was 
facing this direction, was labeled as point (a) and the rightmost pixel near the tail was labeled 
point (e). The point along the x-axis halfway between (a) and (c) was labeled point (b), and 
similarly the point halfway between points (c) and (e) was labeled point (d). From these five 
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points, four sections were defined: (1) the head section covered pixels from points (a) to (b); (2) 
the shoulder section was from point (b) to the centroid at point (c); (3) the waist section was from 
point (c) to (d); and (4) the rump section was from the point (d) to (e). On the vertical axis the 
sow blob was split into two sections relative to the horizontal line passing through the centroid, 
labeled as the upper and lower sections.  
Figure 2.4. Five major points (a-e) were identified and the sow blob was split into four horizontal 
sections: (1) head section; (2) shoulder section; (3) waist section; (4) rump section. Two vertical 
sections, the upper (U) and lower (L), were created by dividing the sow at the centroid on the y-
axis (red dashed line). 
 
Sow Posture and Behavior Classification  
The average depth of pixels in each section was calculated and used to differentiate 
among postural positions. Additionally, the average depth of all pixels in the sow blob (DAll) was 
calculated. The sections were compared to one another, as well as to user defined threshold 
values, to determine the sow’s posture as sitting, standing, kneeling, or lying (fig. 2.5). If the sow 
was lying the upper and lower sections were used to determine which direction her udder was 
facing. 
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Figure 2.5. The average depth values for the defined sections of the sow blob are compared with 
each other and user input threshold values to determine the posture of the sow. Di indicates the 
average depth for section i and Ti indicates the user defined threshold values used for decision 
making. 
 
For the sitting, standing, and kneeling postures, a behavior (drinking, feeding, or other) 
was determined. A user-defined area (~25 × 30 pixels in this case) near the nipple drinker was 
used to evaluate the presence or absence of the sow’s nose. Average pixel depth in this area was 
calculated and if this value was greater than a set threshold the sow was labeled as drinking. This 
threshold was selected by the user and varied based on sow height. A similar process was used 
for feeding behavior. If the criteria for drinking and feeding were not met, then the sow behavior 
was labeled as other (fig. 2.6).  
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Figure 2.6. The behavior decision algorithm for images when the sow is kneeling, sitting, or 
standing. Di indicates the average depth for section i and Ti indicates the user defined threshold 
values used for decision making. 
 
Sow information from the depth images was used to develop a diurnal postural budget by 
summing time in each posture and counting the number of postural changes (e.g., sitting then 
standing) for each hour.  
 
Accuracy Analysis 
Four human labelers unaffiliated with the project were trained to evaluate the accuracy of 
the processing algorithm. Labelers were provided one example of each postural position and 
behavior prior to labeling a training set of depth images. An expert observer labeled a training set 
of 254 randomly selected images from one sow. Labelers independently labeled the training set 
and their results were compared with the expert labels. Each labeler was required to achieve at 
least 97% accuracy when compared with the expert posture labels, and a minimum of 90% 
accuracy for behavior labels. Labelers were retrained on images that were mislabeled in the 
training set before labeling images for the accuracy analysis.  
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Data sets for 24 sows were chosen at random, with 445 images randomly ordered and 
selected from a random day for each sow to be evaluated by labelers via a MATLAB program. 
Labelers indicated the appropriate posture and behavior for each image and evaluated the images 
for one sow at a time. Two labelers independently evaluated the same images and their results 
were compared. If the labels differed, the expert observer served as the final authority. These 
human labels were considered to be the true behavior and posture identification for the images 
and were compared with the processing algorithm labels to determine the true positives (TP), 
true negatives (TN), false positives (FP), and false negatives (FN). These conditions were used to 
assess specificity [TN (TN+FP)-1], sensitivity [TP (TP+FN)-1], and accuracy [(TP+TN) n-1] 
where n represents the total number of images evaluated. These metrics were calculated for 
posture, lying direction, and behavior labels.  
 
Results and Discussion 
Data collection began in September 2017 and concluded in October 2018. Overall, the 
system components were resistant to the farrowing room environment; however, there were 
minor lapses in data collection. An average of two Kinect V2®/mini-PC systems stopped 
collecting data each day. For example, over the first four months of data collection, 3699 d of 
images were anticipated. Due to system failures, 126 d (3.4%) contained no images, 121 d 
(3.3%) were missing 12+ h of data, and 162 d (4.4%) were missing less than 12 h of data. 
Majority of these failures were attributed to software or communication errors between the 
Kinect V2® and mini-PC. Occasional hardware problems were encountered as well, with the 
most common point of failure being the USB extender cable. Also, one Kinect V2® and two 
converter boxes were replaced. Reliability of this machine vision system demonstrates the 
potential for data collection for research purposes. Further measures to improve dependability 
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and longevity of this system, such as more thorough weatherproofing or more robust electronics, 
should be considered for future applications.  
 
Example Sow Posture and Behavior Budgets 
Diurnal postural budgets were developed for each sow to show hourly patterns of sow 
behavior. Figure 2.7 provides an example where the sow was fed at 06:30h, as her posture 
budget reflects with more time spent standing around the time of feeding.  
Figure 2.7. Example of an hourly sow posture budget for a day. The sow was fed at 
approximately 06:30h. 
 
Posture results were also summarized to monitor changes in daily posture budgets 
throughout the farrowing cycle (fig. 2.8). Two sows compared in figure 2.8 were both most 
active on the day of farrowing, as indicated by the number of posture shifts. The majority of each 
day was spent lying down, though the sows progressively spent less time in this posture as days 
in lactation increased. Daily posture budgets can be compared to investigate behavioral 
differences between animals and treatments. Such information could be useful for identifying 
compromised animals if their postural behavior deviates drastically. These results are similar to 
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those reported in other studies of lactating sows (Johnson et al., 2001; Beirendonck et al., 2014). 
It is evident that there existed considerable variability in the number of posture shifts between 
the two sows and further investigation is needed to explore potential relationships between 
posture budgets and number of posture shifts. Such inter-animal differences make it necessary to 
monitor individual animals in a herd – a key feature of precision livestock farming.  
Figure 2.8. Comparing changes in the daily posture behavior of two sows during a lactation 
cycle. 
 
Accuracy Analysis 
Posture classification accuracies by the processing program were 99.4% (sitting), 99.2% 
(standing), 99.7% (kneeling), and 99.9% (lying) compared to human labels (table 2.1). Lowest 
specificity was for kneeling (20.5%). This was attributed to a large number of false positive 
labels for standing sows. However, only 32 images labeled as false positive kneeling accounted 
for 0.3% of the total images; thus, the accuracy of kneeling labels is maintained at 99.7%. Sows 
do not spend much time in the kneeling position and at the image capture rate of 0.2 FPS, a total 
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of only nine images were of sows in this postural position. Overall posture identification 
reliability is not largely affected by the low specificity for this posture. Lying direction and 
behavior results are presented in table 2.2. The processing algorithm classified the correct lying 
side of the sow with an accuracy of 96.2%. Inaccurate labels were often a result of the sow lying 
nearly sternal or piglets on the sow. 
When the sow was classified as sitting, standing, or kneeling the image was also labeled 
with a behavior (feeding, drinking, or other). Each of these non-lying behaviors was classified 
with 95% or greater accuracy (table 2.2). Lowest sensitivity (77.4%; drinking) was due to the 
occurrence of false negatives classified as ‘other’ behavior rather than drinking, which could be 
due to partial obstruction of the camera’s view of the area around the nipple drinker by the stall 
bars. 
As each of the lying and select sow behaviors (table 2.2) were mutually exclusive, their 
accuracies can be compared all together. However, when the behaviors are compared in this 
manner, images where posture is misidentified will be counted as an error twice, once for posture 
label and again in the behavior label. For example, a sow that is lying but erroneously marked as 
standing would be labeled with a lying direction, even though this is not an applicable attribute. 
This occurred in 0.1% of the accuracy analysis data set. It is recommended to evaluate results 
when using this algorithm in sections based on lying or not lying as shown in table 2.2 to avoid 
error accumulation.  
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Table 2.1. Confusion matrix and accuracy parameters for posture labels. 
Posture Sitting Standing Kneeling Lying Total Specificity (%) Sensitivity (%) Accuracy (%) 
Sitting 219 17 0 6 242 84.6 90.5 99.4 
Standing 32 1,042 30 0 1,104 98.2 94.4 99.2 
Kneeling 0 1 8 0 9 20.5 88.9 99.7 
Lying 8 1 1 9,315 9,325 99.9 99.9 99.9 
Total 259 1,061 39 9,321 10,680 - - - 
 
Table 2.2. Confusion matrix and accuracy parameters for lying direction and behavior labels. 
Behavior LL[a] LR[b] Feeding Drinking Other Total Specificity[c] (%) Sensitivity[c] (%) Accuracy[c] (%) 
LL
[a]
 4,516 218 0 0 0 4,734 97.0 95.4 96.2 
LR
[b]
 141 4,440 0 0 0 4,581 95.3 96.9 96.2 
Feeding 0 0 819 3 15 837 97.3 97.9 97.0 
Drinking 0 0 9 103 21 133 88.3 77.4 96.8 
Other 0 0 14 11 360 385 90.9 93.5 95.5 
Total 4,657 4,658 842 117 396 10,670 - - - 
[a] Lying on left side 
[b] Lying on right side 
[c] Specificity, sensitivity, and accuracy were calculated for lying labels (LL, LR) separately from not lying labels (Feeding, Drinking, 
Other) 
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This machine vision system is best suited for research environments, as it provides the 
benefit of collecting data from a large number of replicates in a timely manner. Many diverse 
factors can affect the farrowing environment; thus, research in this stage of production requires 
many replications in order to make well informed recommendations on factors such as animal 
space requirements, stall or pen configurations, and supplemental heat source type and 
placement. Sow behavior data gathered with this system can be coupled with production data to 
fully investigate the effects of various experimental treatments. If a faster frame rate was used for 
data collection, it may be possible to capture additional behaviors of the sow such as rolling over 
or time taken to lie down. Piglet behavior and space utilization data can also be evaluated using 
this system, to be discussed in detail in a future paper.  
 
Conclusions 
A machine vision system for commercial farrowing barns was developed using Kinect 
V2® sensors and mini-PCs (RAM: 8 GB, CPU: 1.8 GHz, SSD: 120 GB). Digital and depth 
images of farrowing stalls were captured at 0.2 FPS and stored on 50 TB disk stations. An image 
processing algorithm was used to create posture and behavior budgets for sows. Results of the 
processing algorithm were compared to those of trained human labelers to calculate accuracy, 
specificity, and sensitivity parameters. This system as a whole can be implemented in research 
settings to monitor multiple farrowing stalls simultaneously and economically. Posture and 
behavior budgets generated with this system provide insight into the effects of changes in the 
farrowing environment on sow behavior. Additional improvements, such as real time processing 
and improved reliability and longevity, are needed to feasibly implement this system in precision 
swine farrowing applications. 
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CHAPTER 3.    EFFECTS OF FARROWING STALL LAYOUT AND NUMBER OF 
HEAT LAMPS ON SOW AND PIGLET PRODUCTION PERFORMANCE 
Suzanne M. Leonard, Hongwei Xin, Tami M. Brown-Brandl, Brett C. Ramirez, Somak Dutta, 
and Gary A. Rohrer 
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This chapter describes an experiment evaluating production impacts of three different 
farrowing stall layouts and the use of one or two supplemental heat lamps. Data on various 
productivity metrics were collected on 427 sows and their litters. Results and significant 
treatment effects and covariates are discussed. Study outcomes can be used to guide producers in 
farrowing facility design.  
This chapter is a product of the combined efforts of several coauthors. Xin and Brown-
Brandl secured funding for the project and contributed to the research design of the project. Dr. 
Brown-Brandl and I worked on execution of the experiment. Dr. Dutta and I developed the 
statistical analysis methods, and I conducted the analysis. I also drafted the manuscript, and all 
parties were involved with the revision of the manuscript. 
 
Abstract 
Most farrowing facilities in the US use stalls and heat lamps to improve sow and piglet 
productivity. This study investigated these factors by comparing production outcomes for three 
different farrowing stall layouts (traditional, expanded creep area, expanded sow area) and use of 
one or two heat lamps. Data were collected on 427 sows and their litters over one year. Results 
showed no statistical differences due to experimental treatment for any of the production metrics 
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recorded, excluding percent stillborn. Parity one sows had fewer piglets born alive (p < 0.001), 
lower percent mortality (p = 0.001) and over-lay (p = 0.003), and a greater number of piglets 
weaned (p < 0.001) with lower average daily weight gain (ADG) (p < 0.001) and more uniform 
litters (p = 0.001) as compared to higher parity sows. Farrowing turn, associated with 
group/seasonal changes, had a significant impact on most of the production metrics measured. 
Number of piglets born influenced the percent stillborn (p < 0.001). Adjusted litter size had a 
significant impact on percent mortality (p < 0.001), percent over-lay (p < 0.001), and number of 
piglets weaned (p < 0.001). As the number of piglets weaned per litter increased, both piglet 
ADG and litter uniformity decreased (p < 0.001). This information can be used to guide 
producers in farrowing facility design. 
Keywords: creep area, daily gain, farrowing design, housing, lactation, litter uniformity, over-
lay, pre-weaning mortality, sow crate, stillborn, sow parity 
 
Introduction 
The commercial US swine industry transitioned to stall farrowing in the 1960s as an 
effort to reduce pre-weaning piglet mortality [1]. Farrowing in stalls remains the most common 
indoor system in the US, making this an important area of research [2]. Compared to loose 
housing systems (pens), farrowing stalls have been shown to lower pre-weaning mortality 
(PWM) [3]. However, the national average PWM was 17.8% in 2017, demonstrating that the 
modern swine industry has further opportunities for improvement [4]. High PWM, coupled with 
increasing sow dimensions, more piglets per litter, and growing public concern over sow welfare 
in farrowing stalls, indicate that revisiting the space allocation of commercial farrowing 
environments is warranted [4–6].  
38 
 
Numerous studies have compared pen to stall farrowing; however, few studies 
investigated the arrangement, dimensions, and floor area of the piglet creep and sow stall within 
the farrowing stall [3,7,8]. In conventional farrowing stalls, 1.96 m2 of floor area is delineated as 
piglet creep area, which is within the space recommendations by Wheeler et al. [9]. Limited 
literature is available on the effects of changing the allotted creep floor area on piglet 
productivity, but it is well documented that the number of piglets born per litter has steadily 
increased, thus suggesting that more creep floor area is needed [4,10]. In grow-finish pigs, space 
allocation has a significant impact on growth performance and it has been shown that piglets 
farrowed in pens weigh more at weaning than piglets in farrowing stalls [11,12]. This suggests 
that expanding piglet creep areas in farrowing stalls may provide production benefits. Some 
farrowing stall manufacturers in the US have begun to offer larger farrowing stalls with an 
increase of 1.0 m2 to the piglet creep area, though there is no scientific data to validate the impact 
of this additional space. This study provides a scientific evaluation of this increased piglet creep 
floor area as compared to traditionally sized farrowing stalls. 
Information on how dimension and area allocation within a farrowing stall may impact 
the sow is also lacking. Various measurements of sow body length, width, height, and depth by 
McGlone et al. suggested that traditional sow stall dimensions may be too narrow to 
accommodate some commercial sows, in particular, the depth of body when lying laterally for 
older or late gestation sows [6]. A more recent study in 2011 found similar results, confirming 
that modern sow dimensions sometimes exceed the provided sow stall dimensions in farrowing 
stalls [5]. Therefore, providing sow stalls with greater dimensions could potentially improve sow 
welfare and thus, productivity during farrowing and lactation. In the larger farrowing stalls being 
produced in the US, sows are provided an additional 0.31 m of stall length compared to 
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traditional farrowing stalls. However, the above literature suggests that it is the width of the stall 
that may be inadequate. Therefore, the present study investigated the effects of increasing sow 
stall length as available in commercial configurations, as well as increasing sow stall width. For 
the increase in width, 0.1 m was added to achieve width recommendations similar to that found 
in literature [6]. 
Another important aspect of the farrowing stall environment is supplementary heat 
sources used to mitigate pre-weaning mortality, which are used to provide a warmer 
microenvironment to meet the thermal needs of piglets while attracting them away from the sow 
to reduce incidence of over-laying. Supplemental heat sources can warm piglets, reducing the 
likelihood of hypothermia and subsequent mortality [13,14]. There are many options and 
commercially available supplementary heat sources, such as covers, nests, and partially or fully 
enclosed boxes. However, in the US, the two most common supplementary heat sources are heat 
lamps and electrically heated mats. Literature indicates that electrically heated mats have greater 
energy efficiency and subsequently lower operating costs compared to heat lamps, but it has 
been shown that piglets prefer lamps over electrically heated mats for the first two days after 
birth [15,16]. Scientific studies comparing the two heat sources found no difference in piglet 
performance between heat lamps or electrically heat mats [16,17].  
Heat lamps are ubiquitous in commercial US farrowing systems, as they are easier to 
manage and cost effective. Therefore, this study opted to provide supplementary heat with heat 
lamps in order to mimic typical US commercial conditions. Use of two heat lamps per farrowing 
stall can increase the area of the creep floor that is heated, which in turn increases the likelihood 
that neonates will be able to locate and benefit from the additional heated area. Placing one heat 
lamp on either side of the farrowing stall further increases the opportunity newborn piglets have 
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of reaching a heated area. In this manner, regardless of which side of the sow stall piglets travel 
to first, they could be warmed and dried by a heat lamp. There is limited literature investigating 
if the additional heated area impacts piglet or sow productivity. Added heat lamps can also 
potentially lead to increased undesired heating of the sow, which can result in heat stress and 
reduced milk production [18]. Further work is needed to understand the relationship between the 
use of an additional heat lamp and sow and piglet productivity. 
Considering the continued challenge of pre-weaning piglet mortality and the limited 
literature investigating the farrowing stall environment, this large-scale field study was 
conducted. Specifically, this study evaluates the effects of three farrowing stall layouts and use 
of one or two heat lamps on: (1) PWM, and specifically over-lay, (2) number of piglets born 
alive and weaned per sow, and (3) average daily weight gain of piglets and litter uniformity. 
 
Materials and Methods  
Facilities  
Data collection occurred at the United States Department of Agriculture - Agricultural 
Research Service U.S. Meat Animal Research Center in Clay Center, Nebraska. This site was an 
integrated farrow to finish swine facility with 1,040 sows farrowing per year. Every effort was 
made to mimic standard operating procedures used in commercial swine production. The site 
contained two farrowing facilities, one of which was utilized for data collection.  
Each of the farrowing facilities consisted of three rooms, with each room containing 20 
individual farrowing stalls aligned in two rows of ten stalls. Rows were arranged such that the 
heads of the sows were facing each other across a 1.2 m wide alley with additional alleyways 
behind each row of stalls. The facility was mechanically ventilated with evaporative cooling pads 
conditioning fresh air entering a common plenum hallway during warm ambient temperatures. 
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Baffles on one endwall distributed fresh air from the hallway into the rooms and air exchange 
was provided by fans on the opposite endwall. During cold ambient temperatures, supplementary 
forced air furnaces preheated hallway air and the endwall baffles closed. Fresh air was then 
delivered by an air plenum suspended from the ceiling that spanned the length of each side of the 
room. Additional direct-fired combustion forced air furnaces were suspended from the ceiling in 
each room and were operated as needed.  
The room air temperature set point was 24 °C for the first week of lactation and was 
gradually lowered to 20 °C by the end of the farrowing cycle. Dry-bulb temperature and relative 
humidity (RH) were recorded every 10 minutes at two locations within each room with portable 
data loggers (XR440, Pace Scientific, Boone, NC, USA) throughout the course of the study. Data 
loggers were suspended 1.3 m above the floor near the center aisle and were placed between the 
first two farrowing stalls at the beginning of one row and between the last two stalls at the end of 
the other row. Three additional loggers located in the interior hallway (one outside each room) 
recorded inlet air temperature and relative humidity every 10 minutes. Average room air 
temperature was 24.1 ± 0.8 °C (mean ± SD) and average RH was 57% ±21%. Manure was 
managed through fully slatted metal floors and a sloped shallow pit, separated by room. Each 
room contained two 1,900 L manual dump tanks as part of a fresh water flush system. These 
tanks were manually flushed twice per day and moved the waste out of the rooms to a waste 
lagoon. 
 
Management 
All animal husbandry protocols were performed in compliance with federal and 
institutional regulations regarding proper animal care practices and were approved by the U.S. 
Meat Animal Research Center Institutional Animal Care and Use Committee (2015–21). Sows 
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were bred to either a commercial Landrace or Yorkshire sire. Data were collected on sows 
entering the farrowing rooms as gilts or parity (P) 1-3, as all sows were automatically culled after 
their fourth lactation cycle. All rooms operated on a 6-week cycle per turn, where turn is one 
farrowing group (all-in, all-out batch) of sows. For each turn, sows were moved into the 
farrowing room as a group five days prior to anticipated farrowing date and randomly assigned 
to a stall. Average piglet age at weaning was 26.7 ±1.9 d. All animals for a given turn were 
removed from the room as a group and the farrowing room remained empty for nine days for 
pressure washing and disinfection. The three farrowing rooms used in this study operated on a 
schedule offset of one week. Data were collected for one year (September 2017 to October 2018) 
on 25 turns (farrowing groups) of sows, with temporal distribution shown in Figure 3.1. 
Figure 3.1. Data were collected on 25 turns of sows entering the farrowing facility. Three 
farrowing rooms were used and collection occurred from September 2017 to October 2018. 
Average daily ambient and indoor (average for all three farrowing rooms) air temperatures are 
displayed.  
 
Trained animal caretakers followed typical commercial husbandry practices. Specifically, 
drying mineral powder was sprinkled on mats under supplementary heat lamps. Piglets were 
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weighed and ear tagged on day one. Three days after birth, piglets were tail docked, needle teeth 
clipped, castrated, and administered iron shots. Cross-fostering of piglets occurred as needed 
within 3 d after parturition for uniformity of litter sizes. Sows were fed a corn-soybean meal diet 
once a day until three days after parturition, then ad libitum. Creep feed was provided for piglets 
from 21 days of age until weaning. Drinking water was always available for both sows and 
piglets via nipple drinkers. 
 
Stall Layouts 
Three farrowing stall layouts were tested: traditional (T), expanded creep area (C), and 
expanded sow and creep areas (S) in combination with either one or two supplementary heat 
lamps (HL), for a total of six treatments. Farrowing stalls had outer dimensions of 1.83 (W) × 2.5 
m (L) and identical metal panels were added to modify the interior dimensions as needed. All 
sow stalls were 1.2 m tall. The entire floor area was slatted metal, with a slat width of 8.5 mm 
and a 9.5 mm void space between slats (TriDEK, Hog Slat, Inc.; Newton Grove, NC, USA). The 
slats featured no-slip grip indentions and 127 × 9.5 mm deep indentions to increase traction. This 
flooring also allowed the sow stalls to be affixed at any position within the farrowing stall to 
achieve the desired layout. All sow stalls were partitioned from the piglet creep area with 
horizontal bars. The bottom bar bowed out to allow easier piglet access to the udder and was 
adjustable in height. Sows stalls also featured anti-crush bars.  
For T layout, sows were provided 0.61 × 2.13 m within the outer stall dimensions of 1.52 
× 2.13 m. In the C layout, the sow stall remained the same with dimensions of 0.61 × 2.13 m; 
however, the piglets were provided additional creep area within the outer farrowing stall 
dimensions of 1.83 × 2.44 m. The third layout, S, had a sow stall of 0.71 × 2.13 m while 
maintaining outer farrowing stall dimensions of 1.83 × 2.44 m. Stainless steel bowl feeders with 
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outer dimensions of (L×W×H) 34.9 × 34.3 × 38.8 cm were provided in the front of the sow stalls 
(Farrowing Sow Small Bowl Feeder, Hog Slat, Inc.; Newton Grove, NC, USA). Feeders were 
mounted such that 23.2 cm of length extended into the sow area. Double water assemblies 
mounted on the bars of the side of the sow stall approximately 0.3 m from the front of the stall 
provided nipple drinkers for both sows and piglets. Stall layouts are displayed in Figure 3.2.   
Figure 3.2. Three experimental farrowing stall layouts used for traditional stall layout (T), 
expanded creep area layout (C), and expanded sow area layout (S). Shaded areas indicate piglet 
creep areas and striped areas are sow areas. Sow feeders, shown in solid black, had outer 
dimensions of (L×W) 0.35 × 0.34 m, of which 0.23 m of feeder length extended into the sow 
stall area. The “X” symbol represents double water assemblies which were mounted on the bars 
of the side of the sow stall approximately 0.3 m from the front of the stall. All dimensions are in 
meters.   
 
The T layout was based on recommended farrowing stall design from the Midwest Plan 
Service Swine Housing and Equipment Handbook, with 1.30 m2 floor area for sows and 1.95 m2 
of floor area for piglets [19]. The C layout provided the same floor area for the sow but had 3.17 
m2 of piglet creep area (an increase of 1.22 m2 compared to T layout). In the S layout, there was 
greater floor area for both the sow and piglets compared to the T layout. The S layout had 1.51 
m2 sow area and 2.96 m2 piglet creep area (an increase of 0.21 m2 sow area and 1.01 m2 piglet 
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creep area compared to T layout). The S layout provided 0.21 m2 greater sow area and reduced 
piglet creep area by 0.21 m2 as compared to the C layout. Note that in each stall layout, 0.08 m2 
of the sow floor area was occupied by the sow feeder.  
Farrowing stall layout treatments were randomized among the three rooms. Due to the 
labor input required to arrange them, the stall layout configuration within all three farrowing 
rooms remained constant for the duration of the experiment. All available stalls were utilized for 
data collection; thus, not all layout treatments were present in equal numbers in each room. 
Layout treatments were evenly distributed by position within row among all rooms. Figure 3.3 
shows the layout treatment assignments by position within the farrowing facility.  
Figure 3.3. Experimental layout for arbitrarily selected turns 20-22. Stall layouts were 
randomized once and remained constant throughout the study, while heat lamp treatments were 
re-randomized for each turn. 
 
Heat Lamps 
Supplementary heat for piglets was provided with a 175 W infrared heat lamp (HL). Two 
heat source treatments were tested: one HL per stall (1HL treatment) and two HLs per stall (2HL 
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treatment). Each HL was covered by a metal shroud and suspended 0.53 m above the creep area 
floor, directly above a 0.30 × 1.22 m black rubber mat. Evaluation of thermal images determined 
the HLs provided an adequate microenvironment for the piglets [20]. For the 1HL treatment, the 
HL was centered front to back and left to right in the creep area along the side of the sow stall. 
For the 2HL treatment, one HL was suspended on both sides of the sow stall such that the creep 
areas on both sides were heated. The HL treatment assignments were randomized for each turn 
and balanced to represent each treatment as evenly as possible within each turn, and to avoid 
creating localized hot spots (i.e., putting all 2HL treatments on the same side of the room) 
(Figure 3.3). 
Solid metal partitions between the stalls prevented radiation from HLs from reaching 
adjacent stalls. Partitions were 0.61 m tall, which was higher than HL mounting height, and were 
the same length as the stall to isolate the creep area thermal environment. Pre-experiment tests 
were conducted to ensure HLs did not impact adjacent farrowing stalls. Unoccupied farrowing 
stalls were equipped with HLs and rubber mats for testing. For one row of stalls, in every other 
stall the HLs were turned on for 3 hrs. Then, thermal cameras and handheld infrared 
thermometers were used to investigate stall conditions that did not have HLs on. These were 
compared to another row of stalls where no HLs were on to confirm that HLs were not impacting 
partition walls or adjoining farrowing stalls. 
Both HL(s) and rubber mats were placed in the farrowing stalls according to 
experimental design within two days after the sows were moved into the room. The HLs began 
operating approximately two days prior to anticipated farrowing date and remained operational 
until the piglets were approximately 21 days old. All HLs functioned on a room thermostat and 
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were automatically turned off if room air temperature exceeded 5.5 °C above room set point 
temperature.  
 
Data Collection 
Trained caretakers recorded all key productivity information. Piglets were individually 
weighed within 24 hours after birth and one day prior to weaning. Number, date, and cause of 
any mortalities that occurred during the study were recorded. Caretakers used specific criteria to 
determine cause of death of piglets. Stillborn piglets were identified as: found near the back of 
the sow, pale in color, and typically moderately or completely covered with afterbirth or 
membrane. Stillborns were classified as having closed mouths with mucus still in the oral cavity 
and had wet umbilical cords. Piglets that were over-laid were identified as having more color 
than stillborns, dry bodies with an absence of membrane, and a dry umbilical cord. Over-lay 
piglets often had a tongue protruding from the mouth and were found in the floor area around the 
udder, shoulder, or head of the sow. Indicators of piglets that died shortly after birth were bodies 
located anywhere in the farrowing stall, tongue protruding, and partially dried. Piglets that were 
identified as mortalities shortly after birth often weighed less than 1 kg. Any medical treatments 
of both sows and piglets were recorded. 
  
Data Analysis 
All data analysis was performed using R statistical software with lmerTest and emmeans 
packages [21–23]. Preliminary data were used to determine number of litters needed to achieve 
85% statistical power. This analysis showed that to detect a 3% difference in PWM (one 
additional piglet weaned per ~3 litters), data for 269 piglets were needed per treatment. With an 
anticipated weaned litter size of 10 piglets, this indicated that a minimum of 27 litters per 
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treatment were required. It was possible to collect data on 10 litters per treatment every 8 weeks 
due to the configuration of the facility; thus, a minimum of 30 weeks of data collection were 
required. However, considering the potential for missing or outlier data and potential seasonal 
effects, data were collected for 52 weeks. Refer to Figure 3.1 for temporal distribution of data 
collection.  
The data for percent stillborn, PWM, and over-lay were not normally distributed; as such, 
these factors were transformed prior to analysis. The percentages were converted to a proportion 
value. Numerous litters did not have stillborns, mortalities, or over-lays, so the smallest non-zero 
value for a given parameter was divided by two and replaced all zero values for that parameter. 
Then, a logit transform was performed as shown in Equation 3.1.  
 
Logit = log(proportion × (1 – proportion) −1)                                            (3.1) 
 
A first order linear model was developed to fit the data to investigate each of the sow and 
piglet productivity outcomes (i.e., percent stillborn, number live at birth, percent PWM, percent 
over-lay, number weaned, ADG, and litter uniformity). All models contained factors for stall 
layout treatment, HL treatment, and the interaction between the stall layout and HL treatments. 
Sow parity was included as a factor in all models, as well as sow health status as a binary factor 
of had/did not have recorded health issues or interventions while the sow was in the farrowing 
facility. Seasonal effects and genetic differences over time were accounted for by including turn 
number as a factor (i.e., unique number for each group of sows brought into a farrowing room on 
the same date). Random effects were specified for sow, sire, and stall location within facility.  
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Number of piglets farrowed was included as a covariate for models evaluating percent 
stillborn and number live at birth. Models for percent PWM and number of piglets weaned 
contained adjusted litter size (number of piglets born alive ± number of cross-fostered piglets) as 
a covariate. Number of piglets weaned was then incorporated as a covariate into models to 
analyze piglet ADG and litter uniformity (coefficient of variation; CoV). Individual piglet ADG 
values were calculated using weight at birth and weaning, and dates of farrowing and weaning. 
Then, individual piglet ADG values were averaged over the litter to obtain ADG per piglet for 
analysis. Visualizations of results were generated using the ggplot2 package [24]. 
 
Results 
Data Description  
Three sow mortalities occurred due to causes not associated with experimental treatments 
(e.g., lameness, over gorging) and were excluded from the study. Twelve sows weaning no 
piglets, due to insufficient lactation or all piglets being cross-fostered off or mortalities, were 
excluded as well (number of sows from each treatment: T, 1HL = 4; T, 2HL = 2; C, 1HL = 2; C, 
2HL = 0; S, 1HL = 2; S, 2HL = 2). Two sows were removed for weaning less than five piglets 
(T, 2HL = 1; S, 2HL = 1) and one sow for having more than 50% stillborn (S, 2HL). Some 
farrowing turns also had fewer sows due to conception rates or health reasons. The number of 
usable replicates were balanced by treatment for each turn.  
Overall, a minimum of 68 usable replicates were collected per treatment. Of the 427 total 
replicates, 409 different sows were observed. This was because 18 sows were subject to data 
collection twice as they cycled through the production system (at P1 and P3, or P2 and P4). 
There were no significant differences in sow parity distribution between treatments. On average, 
the parity distribution was: 41% P1, 26% P2, 16% P3, and 17% P4. 
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Data on 5895 piglets were collected. Of these, 195 were mummies and 338 stillborn. 
Piglets were excluded from the analysis due to differing genetic line (27) and incomplete records 
(14). Due to cross-fostering, at least one piglet was removed from 90 litters and at least one 
piglet was added to 63 litters. A total of 283 of the 5366 piglets considered in this study were 
cross-fostered. For ADG and litter uniformity analyses, cross-fosters and any piglets that did not 
survive to weaning were excluded, leaving 4265 piglets from 427 litters in the dataset. 
 
Results by Treatment 
This study aimed to investigate the effects of farrowing stall layout (T, traditional stall 
layout, C, expanded creep area, or S, expanded sow area) and number of HLs (1HL or 2HL) on 
sow and piglet productivity. A summary of all production outcomes by treatment can be seen in 
Table 3.1. 
All three farrowing stall layout treatments (p > 0.15 for all production parameters), HL 
treatments (p > 0.10), and their interaction (p > 0.40) were determined to have no statistically 
significant effect on any of the outcomes measured, except for percent stillborn. Only significant 
results are reported below. 
 
Percent Stillborn 
The percent of stillborn piglets was significantly affected by farrowing stall layout (p = 
0.045) (Figure 3.4). Specifically, piglets in S layouts had 7% increased odds of being stillborn 
compared to piglets in T layouts. There was evidence that the greater the number of piglets born 
the greater the percentage of stillborn piglets (p < 0.001) and that turn (p = 0.06) and sow health 
status (p = 0.07) may have influences as well. 
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Table 3.1. Summary of production parameters by treatment (average ± SE). The only statistical difference noted was in percent 
stillborn between T and S stall layouts (p = 0.045, averaged over number of heat lamps). PWM: Pre-weaning mortality. Stall layouts: 
traditional (T), expanded creep area (C), expanded sow area (S); Heat lamp treatments: one heat lamp (1HL), two heat lamps (2HL). 
Production Parameter Treatment 
 T, 1HL T, 2HL C, 1HL C, 2HL S, 1HL S, 2HL 
Number of Replicates 69 73 68 76 73 68 
Percent Stillborn 4.02 ±0.82 3.79 ±0.78 4.65 ±0.84 5.54 ±1.02 7.20 ±1.11 5.49 ±1.04 
Number Live at Birth 12.01 ±0.45 12.66 ±0.40 12.35 ±0.40 12.24 ±0.42 11.85 ±0.43 12.29 ±0.52 
Percent PWMa 12.88 ±1.38 11.11 ±1.28 14.21 ±1.54 12.53 ±1.21 12.84 ±1.44 14.17 ±1.50 
Percent Over-layb 7.06 ±1.06 6.98 ±0.98 7.95 ±1.33 6.88 ±0.87 7.96 ±1.13 8.62 ±1.32 
Number Weaned 10.54 ±0.25 10.90 ±0.23 10.50 ±0.28 10.55 ±0.23 10.27 ±0.25 10.38 ±0.29 
ADG (kg d −1 hd −1) 0.22 ±0.00 0.22 ±0.00 0.22 ±0.00 0.23 ±0.00 0.23 ±0.00 0.23 ±0.00 
Litter Uniformity - CoV 14.66 ±0.79 14.53 ±0.68 14.50 ±0.62 13.64 ±0.60 13.56 ±0.59 13.97 ±0.70 
a Calculated using number of mortalities divided by number of piglets live a birth ± cross-fostered piglets.  
b Calculated using number of over-lays divided by number of piglets live a birth ± cross-fostered piglets. 
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Figure 3.4. Distribution of percent stillborn piglets by treatment. On the boxplots dark lines 
within the boxes represent the median value while the box shows the interquartile range. The 
endpoints of the whiskers show 1.5 times the interquartile range, and dots mark any values that 
are outside of the whisker range. Stall layouts: traditional (T), expanded creep area (C), 
expanded sow area (S); Heat lamp treatments: one heat lamp (1HL), two heat lamps (2HL). 
 
Number Live at Birth 
Sow parity had a strong significant influence on the number of piglets live at birth (p < 
0.001) (Table 3.2). In particular, P1 sows farrowed fewer live piglets than P2 (p = 0.007), P3 (p 
= 0.003), and P4 sows (p = 0.017). No statistical difference was found among other parity 
comparisons. 
 
Percent Pre-weaning Mortality 
Percent PWM was significantly influenced by adjusted litter size (p < 0.001), turn (p < 
0.001), and sow parity (p < 0.001). The more piglets that were assigned to a sow to nurse, the 
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greater the percent PWM. Variations in percent PWM by turn are displayed in Figure 3.5, 
showing that there were differences due to seasonality. Investigation into parity effects revealed 
that P4 sows have significantly greater percent PWM than P1 (p = 0.001) and P2 (p = 0.002) 
sows.  
Figure 3.5. Summary of piglet percent PWM by turn, showing significant seasonal variation (p < 
0.001). Overall average mortality was 13.1%, shown by the solid black line. 
 
Percent Over-lay 
When focusing specifically on PWM attributed to over-lay, there were similar trends to 
those seen with overall PWM. Mortalities attributed to over-lay accounted for 58% of PWM 
(Figure 3.6). Larger adjusted litter size led to greater percent over-lay (p < 0.001). Similar trends 
were seen from turn effects with percent over-lay (p = 0.03), as were noted in percent PWM. 
Sow parity influenced percent over-lay as well (p = 0.006), as P4 sows had greater percent over-
lay than P1 sows (p = 0.003). 
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Figure 3.6. Piglet mortality by cause (general PWM or over-lay) as it occurred within each 
treatment group. Error bars display standard error by group and mortality cause. Stall layouts: 
traditional (T), expanded creep area (C), expanded sow area (S); Heat lamp treatments: one heat 
lamp (1HL), two heat lamps (2HL). 
 
Number of Piglets Weaned 
Increasing adjusted litter size resulted in a greater number of piglets that were weaned 
from the litter (p < 0.001). Number of piglets weaned was significantly affected by turn (p = 
0.007) (Figure 3.7) and parity (p < 0.001). P4 sows weaned fewer piglets than both P1 (p < 
0.001) and P2 sows (p = 0.002). 
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Figure 3.7. Number of piglets weaned per litter by turn. Overall average number of piglets 
weaned per litter was 10.5, shown by the solid black line. 
 
Average Daily Weight Gain (ADG) 
The statistical analysis results showed that the more piglets weaned in a litter, the lower 
the average piglet ADG (p < 0.001). Parity also had a significant impact on ADG (p < 0.001), 
with P1 sows producing piglets with lower ADG than P2 (p < 0.001), P3 (p = 0.04), and P4 sows 
(p < 0.001). There is weak evidence suggesting that P2 sows wean heavier piglets than P4 (p = 
0.05) (Table 3.2). 
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Table 3.2. Average values of production parameters that were significantly influenced by parity. 
Average values are presented ±SE and averaged over stall layout, HL treatment, turn, litter size, 
and sow health status. 
 Parity 
Production Parameter 1 2 3 4 
Number Live at Birth 11.18 ±3.15a 12.86 ±3.67 b 13.28 ±3.98 b 12.76 ±4.05 b 
PWM (%) 9.80 ±10.56 a 12.63 ±11.70 a 15.78 ±11.50a,b 18.24 ±12.12 b 
Over-lay (%) 5.10 ±7.86 a 8.02 ±9.70a,b 8.98 ±9.60a,b 11.36 ±10.45 b 
Number of Piglets Weaned 10.32 ±2.24 a 10.99 ±1.99 a 10.65 ±2.23a,b 10.15 ±1.97 b 
ADG (kg d −1 hd −1) 0.22 ±0.03 a 0.23 ±0.03 b 0.22 ±0.03 b 0.23 ±0.03 b 
a,b Indicate statistically different mean values between parities (p < 0.05). 
 
Litter Uniformity 
To investigate the uniformity of litters at weaning, the coefficient of variation was 
calculated. It was found that litter uniformity decreased with increasing number of piglets 
weaned (p < 0.001). Parity also contributed to litter uniformity (p = 0.001). Litters raised by P1 
sows had greater uniformity than P4 sows (p = 0.001) and tended to be more uniform than P3 
sows (p = 0.089). There was a trend for P2 litters to have greater uniformity than P4 (p = 0.062). 
Differences in minimum, average, and maximum per piglet weaning weights for each litter are 
distributed by parity and shown in Figure 3.8. 
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Figure 3.8. Differences in litter uniformity based on sow parity. Minimum, average, and 
maximum wean weight of individual piglets within litter are shown. 
 
Discussion 
There were no meaningful differences observed between traditional farrowing stall 
layouts and stalls with expanded creep or sow areas. This may not be the case for more prolific 
animals, as in this study an average of 10.5 piglets were weaned per litter. However, the 2017 
industry average was 10.3 piglets weaned per litter, indicating that the information presented 
here is valid for current commercial conditions [4]. Though no statistical changes in productivity 
were found, farrowing stall layout and number of HLs could potentially have had an impact on 
sow and piglet behavior [18,25,26]. This is the focus of a future publication. 
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Although no statistical differences were found between stall layouts presented in this 
study, allocating a greater amount of floor area to piglets or sows may be needed to impact 
production. Baxter et al. suggested minimum sow space allowance of 4.9 m2 was needed to meet 
the biological needs of sows during pre-farrowing, farrowing, and lactation while 
recommendations of creep area ranged from 0.97 – 2.32 m2 [27]. Another recent publication 
based on European Union regulations and biological basis recommended a minimum of 5.6 m2 
floor area for farrowing stalls, of which 1.1 m2 minimum should be creep area [28]. These 
recommendations may indicate that greater areas of space are needed than those provided in the 
present study to produce significant changes in production or sow and piglet welfare. Though no 
increase in PWM was noted due to the wider stalls in this study, increases in PWM are seen 
when further space is provided to sows in pens [3]. Additional scientific study is needed to 
understand space allocation and its influences on sow and piglet production and welfare. In 
addition to the quantity of space provided in farrowing stalls, the quality and usability of the 
space should be considered as well. Flooring and stall partition types can influence the welfare of 
the sows and piglets by promoting or impeding the expression of natural behaviors [27]. Quality 
of housing conditions can influence hormone and steroid concentrations in sows as well [12]. 
Design and delineation of spaces for different activities, such as feeding and dunging, should be 
based on scientific data in order to best meet the needs of the sows, piglets, and caretakers. 
There was no interaction between farrowing stall layout and number of HLs, and no 
production differences were observed between treatments with one or two HLs. This indicates 
that using two HLs does not provide any production benefits, making the additional HL a 
potentially unnecessary extra expense. While this study investigated placing the second HL on 
the opposite side of the sow stall to heat the creep areas on both sides in an effort to warm piglets 
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regardless of stall side choice, there could be advantages to using a second HL in a different 
configuration. It is common in industry to place an additional HL near the back of the farrowing 
stall for the first few days after farrowing. Other anecdotal evidence has suggested that it is 
possible to increase number of piglets weaned by placing two HLs on the same side of the creep 
area. Piglets tend to pile together, so providing a larger contiguous heated area may better 
accommodate this behavior. Future work can further investigate HL placement, and piglet 
behaviors, to better match the environment to animal preferences to improve performance.  
 
Percent Stillborn 
As mortalities shortly after birth and stillborns are often difficult to discriminate, and 
farrowings outside typical working hours (06:00 to 15:30) were unattended, it is possible that in 
some cases piglet cause of death was misclassified [29]. However, as this study was conducted at 
a research facility, caretakers received in-depth training to reduce misclassifications. 
Additionally, it is likely that any misclassifications were evenly distributed between treatments. 
The statistical difference noted between S and T stall layouts indicates a 7.0% increase in 
odds of being stillborn when using S stall layouts compared to T stall layouts. On average, the 
percent stillborn in T stall layouts was 5.1%, so even with the statistical increase in percent 
stillborn, this is not a meaningful physical difference. The significance of turn effects observed 
with percent stillborn were similar with the other production outcomes measured in this study, 
indicating that seasonal and personnel factors have important roles in sow and piglet 
productivity. Heat stress in warmer summer months can reduce conception rates, resulting in 
fewer piglets being born during fall months. Personnel factors, such as labor availability and 
caretaker proficiency and experience levels, can all impact frequency and rigor of daily sow and 
piglet monitoring. The dynamic influence that these factors can have on piglet productivity is 
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evident based on the results of this study. The number of stillborn piglets increased with 
increasing number of piglets born in this study, which agrees with other literature [30]. 
 
Number Live at Birth 
The P1 sows had fewer piglets live at birth compared to P2, P3, and P4 sows, with no 
statistical differences observed in comparisons amongst the other parities. This indicates that 
gilts have fewer piglets born alive than experienced sows (Figure 3.5). This trend is similarly 
reported in another study on Yorkshire and Landrace sows that found number of piglets live at 
birth increased until P5 then decreased as parity increased further [31]. Similar results were 
reported in a larger study of approximately 39,000 sows [32]. Tantasuparuk et al. also found that 
number of piglets live at birth was significantly less for P1 compared to P2 to P7, further 
validating the trend found in the present study [33].  
 
Percent Pre-weaning Mortality  
The calculated PWM and over-lay percentage were determined using the adjusted litter 
size, which was the number of piglets born live and any additions or subtractions due to cross-
fostering. Average PWM in this investigation was 13.1%, which is less than the US industry 
average of 17.8% [4]. This could have an impact on how the study information translates to 
commercial farms; however, it is still reasonable to provide useful information for commercial 
producers to make evidence-based infrastructure and management decisions.  
A trend of increasing adjusted litter size and increasing percent PWM was noted. 
However, cross-fostering was not performed for 65% of the litters in this study. For litters that 
were not impacted by cross-fostering, this means that the number of piglets born was the same as 
the adjusted litter size. It may be that number of piglets born is the significant factor, but since 
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the exact timing of mortalities (i.e., before or after cross-fostering occurred) was unknown, 
adjusted litter size was used in the models to capture the number of piglets assigned to a 
particular sow stall. A potential explanation for the relationship between adjusted litter size and 
PWM is that the fewer piglets a sow is nursing, the fewer opportunities for accidental over-lay. 
Additionally, lower adjusted litter size could result in reduced competition and greater food 
availability for each piglet.  
Individual turn averages of PWM ranged from 4.3% to 22.7%. The greatest PWM rates 
were observed in turns 5, 7, and 8 (December 2017 to January 2018), which can be attributed to 
a disease outbreak, while lower mortality rates in turns 13, 14, and 15 (April to May 2018) likely 
reflect ideal barn conditions and overall high herd health. A study by Li et al. indicated 
temperature differences as a potential cause of fluctuations in mortality rates in pen farrowing 
featuring a mechanically ventilated facility [34]. The study by Li et al. also stated the greatest 
piglet mortality occurred during warmer ambient conditions when elevated indoor temperatures 
exceeded the desired thermoneutral conditions [34]. However, the mechanically ventilated 
facility used in the present study had evaporative cooling pads and produced similar indoor 
conditions throughout the duration of the experiment (Figure 3.1). Other factors, such as 
potential changes in the gestation barn environment, personnel, or feed and water quality, could 
have contributed as well. Further investigation is needed to identify specific causes.  
Investigation into parity effects revealed that P4 sows have significantly greater percent 
PWM than P1 and P2 sows. This result is supported by other literature [35].  
 
Percent Over-lay 
In this study, deaths attributed to over-lay accounted for 58% of piglet PWM (Figure 
3.6). This percentage of overall PWM attributed to over-lay is consistent with findings reported 
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by other studies [30,36]. As expected, larger adjusted litter size produced greater percent over-
lay. When a sow is assigned piglets to nurse, there are increased opportunities for potential over-
lay. Similar trends were seen from turn effects and sow parity as were noted in percent PWM. P4 
sows had greater percent over-lay when compared to P1 sows. These results are consistent with 
findings from the overall PWM data for this study. 
 
Number of Piglets Weaned 
Though larger litters had increased percent PWM and over-lay, the results here indicate 
that larger adjusted litter size led to a greater number of piglets weaned, showing that larger litter 
sizes still result in a net increase in prolificacy at the end of lactation. Seasonal effects were 
determined to have trends inverse to those seen in PWM, which is expected. As PWM increases, 
it is logical that number of piglets weaned will decrease. P4 sows weaned fewer piglets than both 
P1 and P2 sows, agreeing with the earlier conclusions that P4 sows have greater PWM rates.  
 
Average Daily Weight Gain (ADG) 
As the experimental facility similarly followed commercial practices, cross-fostering of 
piglets occasionally occurred within the first three days after parturition. Piglets that were cross-
fostered were included in the count of number of piglets born live, adjusted litter size, and 
number of piglets weaned, but they were excluded from the ADG and litter uniformity analyses. 
These exclusions were made as cross-fostered piglets incorporated early-life factors that could 
have had implications on their weight gain, such as different colostrum quality or experimental 
treatment in their original birth stall than their litter mates. 
A decrease in the number of piglets weaned resulted in an increase in individual piglet 
ADG. Specifically, a piglet that is in a litter of five will gain an additional 0.05 kg day−1 than a 
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piglet in a litter of 10, and an additional 0.10 kg day−1 than a piglet in a litter of 15. Over a 21-
day lactation period, this results in cumulative weight gain differences of 1.1 kg and 2.1 kg 
respectively. Other studies also found that piglets in larger litters had lower individual weight 
gain [37]. Illman et al. reported that in larger litters there was increased inter-piglet biting and 
pushing before nursing and more piglets missed the milk ejection event [37]. These findings 
confirm that larger litters can lead to increased competition and lower milk intake, factors that 
both contribute to reduced weight gain. As the number of piglets increase it is logical that piglet 
teat fighting will also increase due to greater competition. Teat fighting has been shown to lead 
to an increase in sow terminated nursing bouts, confirming that behavioral factors are associated 
with milk access and thus ADG as well [38]. Cross-fostering and genetic selection can be 
implemented to increase or decrease average litter size, based on the specific desired production 
outcomes (more piglets or heavier piglets). 
The ADG for litters from P1 sows was lower compared to P2, P3, and P4 sows. This 
could be a result of younger sows weaning a greater number of piglets, as presented above. 
However, it could also be an indicator that mature sows are better at lactation than first time 
gilts. Higher parity sows tend to have higher levels of immunoglobulin G in their colostrum [39]. 
This means that the piglets of higher parity sows are receiving colostrum of increased quality. 
Multiparous sows consume more feed which would support a greater volume of milk production, 
and as a result weaned heavier piglets than primiparous sows [12]. The progeny from gilts have 
lower weights at birth, weaning, and market compared to the progeny of sows [40]. This 
indicates that the lighter piglets from gilts weigh less at birth and cannot match the growth rate of 
sow progeny even at later stages of production. The weak evidence that suggests P2 sows wean 
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heavier piglets than P4 sows observed in this study is likely an artifact of the variance in piglet 
ADG values from P2 sows. 
 
Litter Uniformity  
Litter uniformity can be an indicator of competition among piglets. Uniformly sized 
piglets are desirable because there are no large piglets dominating food sources or smaller piglets 
that are undernourished and not growing on schedule. Having similarly sized piglets at weaning 
can make mixing less stressful in the nursery stage of production as there will be less of a 
competitive edge for larger piglets.  
It was found that as the number of piglets weaned increased, litter uniformity decreased, 
which agrees with results presented in the literature [41,42]. As litter size increases, there are 
more piglets to compete for food resources, so it is reasonable to expect greater variance among 
piglets at the end of lactation. Milligan et al. concluded that this competition with weight 
differences is indeed a challenge for smaller piglets, and these effects are even more pronounced 
in large litters [41].   
Parity also played a role in litter uniformity, as P1 sows had greater uniformity than P3 
and P4. This difference in litter uniformity was mainly attributed to increased weight of the 
average and heaviest piglet in litters of higher parity sows as minimum piglet weight was similar 
for all parties. The difference between lowest and highest individual piglet weight for P1 sows 
was (mean ± SE) 2.8 ±0.09 kg, while this difference was 3.8 ±0.16 kg for P4 sows. Lower parity 
sows were reported to have more uniform litters than higher parity sows in other studies as well 
[35,42]. It is important to note that while lower parity sows may produce litters with greater 
uniformity, as reported above they also have piglets that weigh less. 
 
65 
 
Conclusions 
Three farrowing stall layouts (traditional, expanded piglet creep area, and expanded sow 
area) were tested in conjunction with the use of one or two heat lamps (one heat lamp placed in 
the creep area on either side of the sow stall). Production data were collected by trained farm 
staff continuously from September 2017 to October 2018 on 427 sows and their litters.  
• Farrowing stalls with expanded creep or expanded sow areas did not yield practical or 
statistical differences in sow and piglet productivity compared to a traditional farrowing 
stall layout. 
• There were no statistically significant differences in sow and piglet productivity when 
using one or two heat lamps in the farrowing stall layouts investigated. 
• Turn, accounting for group of sows and seasonal effects, was a significant factor for most 
of the sow and piglet productivity metrics measured. This highlights the importance of 
long-term experimental studies on the farrowing environment. 
• Parity 1 sows demonstrated lower percent PWM and weaned more, lighter piglets than 
higher parity sows. 
From a production standpoint, this study suggests that there is no production benefit from 
expanded creep (additional 1.22 m2 creep floor area) or expand sow (additional 1.01 m2 creep, 
0.21 m2 sow floor area) stalls as compared to traditional farrowing stalls. There was also no 
statistical production benefit from using two heat lamps compared to one. However, further work 
is needed to determine if even greater additional space provision would produce a difference in 
production outcomes. Future studies aim to investigate the potential behavior and welfare 
impacts of the farrowing stall designs presented in this study. The information provided in the 
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present study can guide producers when designing and evaluating farrowing facilities. It can also 
be used when developing guidelines for sow and piglet space requirements. 
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CHAPTER 4.    EFFECTS OF FARROWING STALL LAYOUT AND NUMBER OF 
HEAT LAMPS ON SOW AND PIGLET BEHAVIOR 
Suzanne M. Leonard, Hongwei Xin, Tami M. Brown-Brandl, Brett C. Ramirez, Anna K. 
Johnson, Somak Dutta, and Gary A. Rohrer 
A paper prepared for submission to Applied Animal Behavior Science 
 
This chapter describes the behavioral aspects collected by the data acquisition system 
described in Chapter 2 during the experiment presented in Chapter 3. Sow posture budgets and 
feeding and drinking behavior, as well as piglet location, are compared between experimental 
treatments. Behavioral results and welfare implications are discussed. Study outcomes can be 
used to guide producers in farrowing facility design.  
This chapter is a product of the combined efforts of several coauthors. Xin and Brown-
Brandl secured funding for the project and contributed to the research design of the project. Dr. 
Brown-Brandl and I worked on execution of the experiment. Dr. Dutta and I developed the 
statistical analysis methods, and I conducted the analysis. Dr. Johnson assisted with interpreting 
the data. I drafted the manuscript, and all parties were involved with the revision of the 
manuscript. 
Keywords: creep area, drinking behavior, farrowing design, feeding behavior, housing, posture, 
sow stall 
 
Abstract 
Farrowing stalls are used in the United States swine industry to reduce pre-weaning piglet 
mortality, enable efficient individual animal management, and decrease facility construction and 
operating costs. The quantity and quality of space provided for sows and piglets in farrowing 
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stalls is an important economic and welfare topic. To further explore the impacts of farrowing 
stall space allocation, a large-scale field study was conducted to compare sow and piglet 
behavior when housed in three farrowing stall layouts (T – traditional, C – expanded creep area, 
S – expanded sow area) with either one or two supplemental heat lamps (1HL and 2HL, 
respectively). A computer vision system classified sow posture budgets and behaviors and piglet 
location for more than 300 sows and their litters. Linear models were developed to compare 
behavior metrics between experimental treatments. Results show sows spent more time lying 
(p=0.029) and less time sitting (p=0.007) in S stall layouts compared to T and C stall layouts, 
and 2HL treatments resulted in greater proportion lying compared to 1HL treatment (p=0.015). 
Number of piglets, parity, and turn also significantly influenced postural behavior of sows 
(p<0.05). Lying orientation of sows was not impacted by HL treatment. Sow postures and 
behaviors were significantly influenced by day of lactation (p<0.001). Piglets with 2HL 
treatment spent more time in the heated zone and less in the creep and sow zones for all stall 
layouts on all days of lactation observed (p<0.001). In the S stall layout, piglets spent a greater 
proportion of time in the sow zone compared to C stall layout (p<0.004). Piglets did not spend 
equal proportions of time between the two creep or two HL zones (p<0.05). This study 
emphasizes that sow and piglet behavior can be significantly influenced by the farrowing 
environment. Results can be used to guide farrowing stall designs to better meet the behavioral 
needs of sows by providing wider sow stalls and the behavioral needs of piglets by providing 
greater heated areas. 
 
Introduction 
The primary motivator for confining sows in stalls during farrowing and lactation is to 
decrease the relative risk of pre-weaning mortality (Glencorse et al., 2019; Moustsen et al., 
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2013). Additionally, farrowing stalls can benefit sows, piglets, and caretakers by enabling easier 
and safer personnel interventions as needed during farrowing (Edwards, 2002). Traditionally 
dimensioned farrowing stalls (nominally 0.61 (W) × 2.13 (L) × 1 (H) m) allow for greater animal 
densities compared to pens, thereby making stalls more cost effective by reducing facility 
building and operating costs. With slatted floors and restricted dunging areas, farrowing stalls 
can streamline waste management and create a more hygienic environment for sows and piglets 
(Muehling and Stanislaw, 1977).  
While farrowing stalls provide efficiency benefits, it is also important to consider the 
quantity of space provided to sows. Traditionally sized farrowing stalls restrict sow movements; 
specifically, the sow cannot turn around. Studies suggest that stalls may also restrict sow 
movements when changing postures. The time duration for sows to transition from standing to 
lying increased in stalls compared to open pens and the increased time duration was strongly 
correlated to increased body length (Marchant and Broom, 1996). This suggests that sows, and in 
particular large sows, experience difficulty when changing postures in stalls. Larger sows may 
also be restricted when lying, as insufficient floor area is provided to accommodate the physical 
dimensions of many sows during late gestation (McGlone et al., 2004). These restrictions on 
space and movements can have negative physical implications and lead to the development of 
decubital ulcers, commonly called “shoulder sores”, from prolonged lying on hard surfaces and 
forceful impacts with stall bars (Herskin et al., 2011).  
Space allocation can also negatively influence piglets. Stocking density significantly 
impacts weight gain in grow-finish pigs (Gonyou and Stricklin, 1998). As litter size has been 
steadily increasing, this indicates that piglet density in farrowing stalls is increasing, provoking 
inquiries about creep area allowance (Rutherford et al., 2013).  
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Space quality provided in farrowing stalls for both sows and piglets is important for 
production performance and positive animal welfare. A supplemental heat lamp is often used to 
improve the quality of the piglet creep areas. The heat lamp is placed adjacent to the side of the 
sow stall to provide radiant heat with the intent to encourage piglets to spend more time resting 
in the safe area. Supplemental heat mitigates the leading causes of piglet mortality: starvation, 
crushing, hypothermia, and combinations of these (Edwards, 2002; Marchant et al., 2000). 
Further, supplemental heat encourages piglets away from the sow whom is a primary source of 
piglet pre-weaning mortality (Baxter and Edwards, 2017). Although a supplemental heat lamp 
can improve the farrowing environment quality for piglets, in the US the national pre-weaning 
mortality rate was 17.8% in 2017, illustrating that there is opportunity for further environmental 
optimization (Stalder and National Pork Board, 2017). One potential solution is to provide two 
supplemental heat lamps. However, scant information is available to determine if piglets will use 
both heat lamps, or how two heat lamps may impact the sow. 
Literature has suggested that supplemental heat lamps influence sow behavior. Hrupka et 
al. (1998) reported sows had significantly decreased feed intake when heat lamps mounted above 
a plywood floor covering were placed beside the sow stall versus in front of the stall during 
lactation. This could indicate that the additional heat radiated to the sow induced heat stress, 
thereby repressing feed intake. A secondary study by Lao et al. (2016) reported that sows 
oriented their udders away from the heat lamp for the first three days after farrowing, thus 
indicating a postural modification linked to sow thermal discomfort.  
Few other experimental studies have targeted farrowing stall dimensions in conjunction 
with supplemental heat lamps. This large-scale field study compared three experimental 
farrowing stall layouts (traditional, expanded creep area, expanded sow area) and the use of one 
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or two supplemental heat lamps on sow and piglet behavior. The specific objectives were to 
evaluate the effects of farrowing stall layout and number of heat lamps on: (1) sow postures of 
lying, sitting, standing, and kneeling, (2) sow behaviors of feeding and drinking, (3) sow udder 
orientation when lying, and (4) piglet location within the farrowing stall. Results can be used to 
better understand the implications of space allocation and number of heat lamps on sow and 
piglet welfare, as well as to guide farrowing stall designs.  
 
Materials and Methods 
Data Collection 
This study was conducted at the United States Department of Agriculture - Agricultural 
Research Service U.S. Meat Animal Research Center in Clay Center, Nebraska. All animal 
husbandry protocols were performed in compliance with federal and institutional regulations 
regarding proper animal care practices and were approved by the U.S. Meat Animal Research 
Center Institutional Animal Care and Use Committee (2015–21). This research center is a farrow 
to finish operation that follows typical industry practices. Approximately 1,040 sows are 
farrowed annually and all sows are culled after fourth parturition. One farrowing unit comprised 
of three farrowing rooms was utilized for data collection. Each room contained twenty farrowing 
stalls and operated on a six-week cycle with sows arriving one week prior to farrowing, nursing 
for four weeks, and one-week downtime for cleaning. The facility’s fluorescent lighting was 
automatically turned on at 05:30h and turned off at 19:00h. For additional details on facilities 
and management practices refer to Leonard et al. (2020).  
A Microsoft Kinect V2® (Microsoft, Redmond, WA, USA) was suspended and centered 
above each stall to capture image data. Once every five seconds, one digital and one depth image 
were captured and stored for later processing. A detailed depiction of the image acquisition 
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system can be found in Leonard et al. (2019). Images were collected for the farrowing cycle 
duration, but only days of particular importance were analyzed. Sow behavior was analyzed from 
three days prior to farrowing (day -3) to three days after farrowing (day 3) with farrowing 
designated as day 0, and subsequently, day 7, 14, and 21 of lactation. Piglet behavior was 
analyzed from day of farrowing (day 0) to day 3, as well as day 7, 14, and 21. The days prior to 
farrowing were selected to establish sow baseline behavior prior to parturition. Days 0 to 3 were 
analyzed as more than half of pre-weaning piglet mortality occurs during this period (Hrupka et 
al., 1998). Days 7, 14, and 21 were also selected to quantify sow and piglet behavior throughout 
the course of lactation. Piglets were weaned at 26.7 ±1.9 d (average ±SD). 
Day of lactation was determined based on the farrowing date as recorded by caretakers. 
Each day of lactation was assumed to start at 00:00 and end at 23:59 for simplicity, as the exact 
hours of farrowing were not recorded. Trained caretakers recorded day of parturition, production 
performance, and causes of mortalities (Leonard et al., 2020). Data were collected from 
September 2017 to July 2018. 
 
Experimental Treatments 
A thorough description of experimental design can be found in Leonard et al. (2020). 
Briefly, the six experimental treatments were comprised of three farrowing stall layouts tested in 
combination with one or two supplementary heat lamps (HLs). Traditional farrowing stall layout 
(T) were based on common farrowing stall dimensions (Midwest Plan Service, 1983). The T stall 
layouts featured outer dimensions of 1.52 × 2.13 m and had a centrally located 0.61 × 2.13 m 
sow stall. Expanded creep area stall layouts (C) provided additional creep area, with outer 
dimensions of 1.83 × 2.44 m and the same sow stall dimensions as T stall layouts. Expanded sow 
area stall layouts (S) had additional floor area allocated to the sow stall and creep areas compared 
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to T stalls. The S stall layout had outer dimensions of 1.83 × 2.44 m and sow stall dimensions of 
0.71 × 2.13 m. In each stall layout, a stainless-steel bowl feeder was mounted in the front of the 
sow stalls (Farrowing Sow Small Bowl Feeder, Hog Slat, Inc.; Newton Grove, NC, USA). 
Feeders had dimensions of (L×W×H) 0.35 × 0.34 × 0.39 m and protruded 0.23 m into the sow 
stall area. Water was provided ad libitum via sow and piglet nipple drinkers. Farrowing stall 
layouts were randomized by location within each room and remained constant for study duration.  
Every farrowing stall featured a 175 W supplementary HL mounted 0.53 m above the 
creep area floor and centered front to back and left to right. A 0.30 × 1.22 m black rubber mat 
was placed below each HL and pre-experiment testing was conducted to ensure HLs provided an 
adequate microenvironment and did not impact adjacent farrowing stalls (Leonard et al., 2020). 
The experimental treatments with two HLs (2HL) had one HL suspended above the creep on 
either side of the sow stall. Heat lamp treatments (1HL and 2HL) were randomized for each sow 
turn and balanced within room.  
 
Data Processing 
Sow Postures and Behavior 
The proportion of time sows spent in each postural position (posture budgets) and sow 
behaviors were determined from depth images using a specialized algorithm developed in 
MATLAB (R2017a, The MathWorks, Inc., Natick, MA, USA; Leonard et al., 2019). In each 
image, the sow posture was classified as lying, sitting, standing, or kneeling. When sow posture 
classifications differed between two consecutive images a posture shift was recorded. Each 
image was also classified with a behavioral attribute. If the sow was lying, the direction of the 
udder was used to determine her lying orientation. Sitting, standing, or kneeling sows were 
assigned attributes of feeding behavior, drinking behavior, or other. Those attributes indicated 
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activity directed towards the behavior but did not determine if there was completion of the 
behavior. For example, a sow was classified with drinking behavior when part of her body was in 
the drinker area. The algorithm did not discern if direct contact was made with the drinker or if 
water was consumed. Classifications of feeding behavior included sows that were eating as well 
as sows with their heads over the feeder area. For each day of lactation that was analyzed, the 
proportion of images classified as each posture and behavioral attribute were calculated. 
Proportion of images with a posture shift was calculated as well. Data days with proportions less 
than 0.50 lying, more than 0.30 standing, 0.25 sitting, 0.05 kneeling, or 0.30 feeding were 
excluded as outliers and therefore removed from the data set. Threshold values were determined 
based on three standard deviations from the average value.  
 
Piglet Location 
Piglet location within the stall was determined from digital images with an algorithm 
developed in Python (Version 3.6.1, Python Software Foundation, Wilmington, DE, USA). In 
the images, farrowing stall floor area was manually divided into zones as depicted in the top-
down view (Figure 4.1). There were four zones of interest identified for the 1HL treatment: on 
the rubber mat or directly under the HL (Zhl), creep area on the same side of the sow as the HL 
(Zhc), creep area on the side of the sow without a HL (Zuhc), and sow stall area (Zs). There were 
five zones of interest for the 2HL experimental treatment: two Zhl (Zhl1 and Zhl2), two Zhc (Zhc1 
and Zhc2), and Zs. The individual zones were used to compare piglet location within each HL 
treatment group. Zones were group together to compare between HL treatment into three 
categories: (1) heated area Zhl (1HL: Zhl, 2HL: Zhl1 + Zhl2), (2) creep area Zc (1HL: Zhc + 
Zuhc, 2HL: Zhc1 + Zhc2), and (3) sow area Zs (1HL: Zs, 2HL: Zs). Heat lamps were removed on 
approximately day 21 of lactation. The HLs were operated by a room thermostat which turned 
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them off when indoor dry-bulb air temperature exceeded 5.5°C above room set point 
temperature. The temperature override to turn off HLs was anticipated to occur sporadically 
during warm ambient conditions; therefore, no quantifications of HL run time or alterations to 
zone boundaries during these events were conducted. 
Figure 4.1. A top-down view of zones used for piglet behavior analysis for one heat lamp (1HL) 
and two heat lamp (2HL) treatments. Four zones were specified for the 1HL treatment: directly 
under the HL (Zhl), in the creep on the same side as the HL (Zhc), the opposing unheated creep 
area (Zuhc), and the sow stall (Zs). Five zones were specified for the 2HL treatment: two heat 
lamp zones (Zhl1 and Zhl2), two creep zones (Zhc1 and Zhc2), and the sow stall (Zs). Zones were 
grouped into three categories (Zhl, Zc, and Zs) as demonstrated by color. 
 
On each day of the lactation cycle, the cumulative counts of piglets in each zone were 
summed and divided by the total number of images and number of piglets to determine the 
proportion of the day the piglets spent in each zone. Data days with proportions less than 0.20 
Zhl or more than 0.60 Zc or Zs were discarded as outliers, with threshold values determined as 
approximately three standard deviations from the average value.  
Visibility was greatly reduced during nighttime hours when the overhead lights in the 
facility were turned off. Therefore, only daytime images collected from 05:30h to 19:00h were 
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analyzed for piglet behavior. Individual piglets were often partially or fully obscured from the 
Kinect V2® line of sight when under the sow, HLs, or closely piled with other piglets. To 
compensate for these scenarios, the number of live piglets at the end of each workday (15:00h) 
for each litter was input into the algorithm. The algorithm utilized this information, along with 
previously identified piglet locations and patterns, to predict where unidentified piglets were to 
achieve the correct total number of piglets in each image.  
Algorithm results were compared to manual human observations to determine program 
accuracy. Human observers were first trained by an expert observer on a set of 50 randomly 
selected images. Then, 20 sows were randomly selected, and one of the days of lactation of 
analysis was randomly selected from each sow. To ensure even representation, 10 sows were 
selected from each HL treatment group. On the selected day, 100 images were randomly selected 
during daytime hours. Three different human observers independently identified the number of 
piglets in each zone in each image. If at least two of the three observers agreed on the piglet 
distribution between zones, the counts were accepted as ground truth. If two of the three did not 
agree, an expert observer determined the ground truth.  
As piglets were not individually identifiable by the human observers or the algorithm, a 
distance formula (Equation 4.1) was used to determine algorithm accuracy.  
 
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  
∑ |𝑁𝑖,𝐴 − 𝑁𝑖,𝐻|
𝑚
𝑖=1
𝑁𝑖𝑚𝑎𝑔𝑒𝑠 × 𝑁𝑝𝑖𝑔𝑙𝑒𝑡𝑠
 × 100 
(4.1) 
 
Where Distance (%) is the metric of successful identifications, i represents the zone of 
interest, m is the total number of zones to be compared, Ni,A is the number of piglets counted in 
the zone by the algorithm, and Ni,H is the number of piglets counted in the zone by the human 
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observer. Nimages is the number of images that have been observed and Npiglets is the number of 
piglets in each image (i.e., litter size).  
 
Statistical Analysis 
Sow Postures and Behavior 
Statistical analyses were conducted using R statistical software with lmerTest and 
emmeans packages (Kuznetsova et al., 2017; Lenth, 2019; R Core Team, 2019). Sow behavior 
was compared using linear models. Any zero proportion values were replaced with half of the 
lowest non-zero value for that classification and then a logit transform was applied to the 
proportion of day spent in each postural position or behavioral attribute as individual responses. 
For each posture and behavioral classification category, the model contained factors for the HL 
treatment, farrowing stall layout, day of lactation, number of piglets in the stall, sow parity, turn, 
and sow health status. Random effects were specified for stall location within the room and sow. 
Models incorporated the potential interaction between HL treatment, farrowing stall layout, and 
day of lactation.  
Lying orientation was evaluated using separate paired t-tests for each stall layout, HL 
treatment, and day combination. Proportion of time spent lying with udder facing HL (1HL 
treatment) or lying on left side of body (2HL treatment) were compared to sow baseline behavior 
on day -3 to evaluate HL treatment impact while accounting for individual sow lying orientation 
preferences. 
 
Piglet Behavior 
Logit transforms were performed to normalize the piglet behavior data as well, with any 
zero proportion values being replaced with half of the lowest non-zero value for that zone 
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category. Linear models were developed with the proportion of day in the desired zone as the 
response and the interaction of stall layout, HL treatment, and day of lactation as factors. 
Number of piglets in the stall, sow parity, turn, and sow health status were covariates. Stall 
location within room and sow were specified as random effects, and random effect of sire was 
nested in sow.  
Proportion of time spent within the HL zone for each HL in the 2HL treatment were 
compared with t-tests. These t-tests were conducted with the null hypothesis that the difference 
between the proportions of day spent under each HL was equal to zero. Data were compared 
separately for each stall layout on each day of lactation. Similarly, proportions of time spent in 
the creep zones for 2HL treatments and 1HL treatments were compared. 
 
Results  
Detailed results of sow and piglet production performance are reported in Leonard et al. 
(2020). Briefly, no statistical differences were found between stall layouts or HL treatments for 
the percent pre-weaning mortality, overlay, number of piglets born alive, number of piglets 
weaned, piglet average daily weight gain, or litter uniformity (p > 0.05). Statistical differences 
were noted in percent stillborn; however, the magnitude of the differences was not of practical 
importance.  
A total of 2,622 data days from 325 sows were analyzed for sow postures and behaviors 
and 1,809 data days were analyzed from 321 litters for piglet behavior. Representation by 
treatment and day of lactation are shown in Table 4.1.  
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Table 4.1. Number of replicates analyzed for sow postures and behaviors and piglet behavior by 
experimental treatment and day of lactation. Stall layout: T – traditional, C – expanded creep 
area, S – expanded sow area. 1HL – one heat lamp treatment, 2HL – two heat lamp treatment. 
  Sow Postures and Behaviors  Piglet Behavior 
  T C S  T C S 
Day of 
Lactation 
 1HL 2HL 1HL 2HL 1HL 2HL  1HL 2HL 1HL 2HL 1HL 2HL 
Allocated 
Replicates 
 53 56 51 56 58 54  53 56 51 56 58 54 
-3  43 46 36 39 40 39  - - - - - - 
-2  43 45 34 44 49 43  - - - - - - 
-1  42 46 36 43 50 42  - - - - - - 
0  47 47 38 47 51 44  49 45 38 50 49 39 
1  46 47 42 48 47 42  44 47 41 48 48 40 
2  45 48 42 45 48 38  39 45 42 46 47 36 
3  44 47 42 46 47 41  38 45 41 47 46 38 
7  45 48 43 44 45 43  36 47 40 45 44 43 
14  44 45 39 47 50 49  42 43 36 47 49 48 
21  39 44 35 43 41 39  40 42 36 41 42 40 
 
Image Classification Accuracies 
The processing algorithm classified each sow posture with an accuracy >99.2%, lying 
orientation with 96.2% accuracy, and behavior attributes with >95.5% accuracy (Leonard et al., 
2019).  
For the piglet behavior algorithm, when comparing cumulative zones (Zc, Zhl, and Zs) 
the average distance was 0.42 for 1HL treatment (four zones) and 0.56 for 2HL treatments (five 
zones). Physically, this meant that for an average litter of 11 piglets there would be 2.3 and 3.1 
misclassified piglets for 1HL and 2HL treatments, respectively. When comparing all zones 
individually, the algorithm distance values increased slightly to 0.58 for the 1HL treatment and 
0.76 for the 2HL treatment. This indicates that in an average litter of 11 piglets, 3.2 piglets in the 
1HL treatment and 4.8 piglets in the 2HL treatment would be misclassified.   
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Sow Postures 
Sow posture budgets were significantly impacted by experimental treatments (Figure 
4.2). Results showed that sows in the 2HL treatment group had increased proportion of day spent 
lying (p=0.015) and decreased proportion of day spent standing (p=0.042) compared to sows 
housed in farrowing stalls with the 1HL treatment. Proportion of day spent sitting (p=0.63) and 
kneeling (p=0.65) were not significantly impacted by HL treatment. Sows in S stall layouts 
showed a significant increase in proportion of day spent lying (p=0.022) compared to C stall 
layouts. S stall layouts showed significant decrease in proportion of time spent sitting compared 
to C (p=0.010) and T (p=0.026) stall layouts. No statistical differences between stall layouts 
were noted in proportion of day spent standing (p=0.11) or kneeling (p=0.40). Day of lactation 
(p<0.001) significantly impacted each posture (lying, standing, sitting, and kneeling). Turn 
significantly impacted proportion of day spent lying (p=0.048), standing (p<0.001), sitting 
(p=0.0069), and kneeling (p<0.001). 
As the number of piglets increased, the proportion of day the sow spent lying decreased 
(p<0.001) while standing (p=0.021) and kneeling (p<0.001) increased. Sitting was unaffected by 
the number of piglets in the stall (p=0.13). 
Posture budgets were statistically different for the P1 sows in this study. Parity 1 sows 
had significantly greater proportions of day spent lying compared to P2 (p=0.0081), P3 
(p=0.005), and P4 (p=0.0163) sows. Parity 1 sows had a decrease in proportion of day spent 
standing compared to P3 sows (p=0.0298), as well as a decrease in proportion of day spent 
sitting compared to P2 (p=0.0366) and P4 sows (p<0.001). Conversely, P1 sows had an increase 
in kneeling compared to P2 (p<0.001), P3 (p<0.001), and P4 (p<0.001) sows. Further, P2 sows 
spent more time kneeling than P4 sows (p<0.001).  
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Figure 4.2. Mean proportion of each day of lactation spent lying, standing, sitting, and kneeling 
by treatment. Error bars indicate SE. Stall layout: T – traditional, C – expanded creep area, S – 
expanded sow area. 
 
Posture Shifts 
There was no significant effect from HL treatment on posture shifts, although there was a 
significant interaction between farrowing stall layout and day of lactation (p=0.033). 
Specifically, on day 0, sows in C stall layouts changed posture more frequently compared to 
sows in T or S layouts (p=0.024). Frequency of posture shifts was significantly impacted by day 
of lactation (p<0.001). The ANOVA analysis of the linear model indicated that there were 
significant parity effects (p=0.025), but due to unequal variance and similar means between 
groups, no pairwise differences were detected (p>0.05). The frequency of posture shifts 
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increased with increasing number of piglets (p=0.006) and was also influenced by turn 
(p<0.001).  
 
Lying Orientation 
For sows housed in stalls with the 1HL treatment, the proportion of day spent lying with 
udder facing the HL did not significantly differ from baseline behavior (day -3 of lactation) on 
any subsequent day of lactation for any of the stall layouts (p>0.05). For the 2HL treatment 
group, the proportion of time sows spent lying on their left side was different from baseline 
behavior only for S stalls on day -2 of lactation (p=0.041). All other stall layouts and days did 
not differ from baseline behavior (p>0.05). 
  
Sow Behaviors 
HL treatment did not significantly influence feeding (p=0.16) or drinking (p=0.22) 
behaviors. However, stall layout did influence feeding behavior, with C stall layout having 
increased time feeding compared to T (p=0.03) and S (p=0.009) stall layouts (Table 4.2). Stall 
layout did not influence drinking behavior (p=0.14). Day of lactation significantly influenced 
both feeding and drinking behaviors (p<0.001), and as number of piglets increased the 
proportion of time spent exhibiting feeding (p<0.001) and drinking (p<0.001) behaviors also 
increased.  
Feeding (p=0.01) and drinking (p=0.012) were both significantly influenced by parity. 
Parity 1 sows exhibited decreased proportion of feeding behavior compared to P2 sows 
(p=0.0238), while P1 sows showed a decrease in drinking behavior compared to P3 sows 
(p=0.0149). Turn influenced feeding behavior (p<0.001) but not drinking behavior (p=0.64).  
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Table 4.2. Mean ±SE proportion of day sows exhibited feeding and drinking behaviors by day of 
lactation. Feeding behavior is averaged over HL treatment and drinking behavior is averaged 
over HL treatment and stall layout, as no statistical differences were found between groups. Stall 
layout: T – traditional, C – expanded creep area, S – expanded sow area. 
Day of Lactation 
Feeding 
Drinking T C S 
-3 0.07 ±0.004 0.08 ±0.004 0.07 ±0.004 0.01 ±0.001 
-2 0.07 ±0.004 0.07 ±0.003 0.07 ±0.003 0.01 ±0.001 
-1 0.08 ±0.004 0.09 ±0.004 0.08 ±0.004 0.02 ±0.001 
0 0.05 ±0.004 0.07 ±0.004 0.06 ±0.003 0.02 ±0.001 
1 0.05 ±0.002 0.05 ±0.003 0.05 ±0.003 0.01 ±0.000 
2 0.06 ±0.003 0.06 ±0.003 0.05 ±0.002 0.01 ±0.000 
3 0.06 ±0.003 0.06 ±0.003 0.06 ±0.002 0.01 ±0.000 
7 0.08 ±0.003 0.09 ±0.003 0.09 ±0.003 0.01 ±0.000 
14 0.10 ±0.003 0.10 ±0.003 0.10 ±0.002 0.02 ±0.001 
21 0.11 ±0.003 0.12 ±0.007 0.10 ±0.003 0.02 ±0.001 
 
Piglet Location 
While number of piglets in each litter per day ranged from 1 to 20 (average = 11.0, 
median = 11.0), no statistical differences were found due to this covariate when treated as 
individual levels or grouped. Therefore, all litter sizes were analyzed concurrently. Significant 
interactions were observed between day of lactation and HL treatment, and day of lactation and 
stall layout for Zhl, Zc, and Zs (p<0.001). Additionally, all three zones were influenced by turn 
(p<0.001).  
No significant differences were found between Zhl on day 0 between stall layouts, but on 
all other days studied piglets in T stall layouts spent less time in Zhl compared to C (p<0.0.001) 
and S stall layouts (p<0.032) (Figure 4.3). On day 1, piglets in farrowing stall layout C had an 
increased proportion of time in Zhl compared to S piglets (p=0.026). Piglets in farrowing stalls 
with the 2HL treatment had increased time in Zhl (p<0.001) compared to piglets in farrowing 
stalls with 1HL treatment for all days of lactation. 
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Piglets in T layouts had increased time in Zc compared to C stall layouts (p<0.033, 
excluding day 0 when p>0.05) and S stall layouts (p<0.001). On days 0 and 1, C piglets had 
increased proportion of time in Zc compared to S piglets (p<0.001). Piglets in farrowing stalls 
with 2HL treatment exhibited decreased time in Zc (p<0.001) compared to piglets in farrowing 
stalls with 1HL treatment on each day of lactation.  
On each day of lactation, piglets in C stall layouts spent less time in Zs compared to S 
stall layout piglets (p<0.004). In the T stall layout, piglets spent significantly greater proportion 
of time in Zs compared to C stall layout on most days (days 1, 2, 7, 14, 21) and significantly 
decreased time compared to S stall layout on days 1, 7, 14, 21. On each day of lactation, piglets 
in farrowing stalls with 2HL treatment spent decreased time in Zs (p<0.03) compared to 
farrowing stalls with 1HL treatment. Additionally, parity was found to influence time spent in 
Zs. Piglets with a P1 sow had increased time in Zs compared to piglets with a P3 (p=0.005) or P4 
sow (p<0.001). Piglets housed with a P2 sow had significantly increased time in Zs compared to 
piglets housed with a P4 sow (p=0.003). 
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Figure 4.3. Proportion of time on each day of lactation piglets spent in each zone of the 
farrowing stall by experimental treatment. Stall layout: T – traditional, C – expanded creep area, 
S – expanded sow area. 
 
1HL Treatment Comparisons 
For each day of lactation, piglets in the 1HL treatment group did not spend their time in 
the creep area equally between the side of the stall with the HL (Zhc) and the side of the stall 
without the HL (Zuhc) (p<0.001 for each day of lactation). Mean proportion of time spent in the 
respective creep areas for each stall layout are presented in Table 4.3.  
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Table 4.3. Mean ±SE proportion of each day of lactation spent in the creep area on the side with 
the heat lamp (Zhc) and the opposing side creep area (Zuhc) by stall layout. Zhc and Zuhc are 
statistically different (p<0.05) for all stall layouts and days of lactation. Stall layouts: T – 
traditional, C – expanded creep area, S – expanded sow area. 
Day of 
Lactation 
T  C  S 
Zhc Zuhc  Zhc Zuhc  Zhc Zuhc 
0 0.06 ±0.01 0.09 ±0.02  0.04 ±0.01 0.10 ±0.01  0.02 ±0.00 0.05 ±0.01 
1 0.13 ±0.02 0.10 ±0.01  0.05 ±0.01 0.11 ±0.01  0.04 ±0.01 0.06 ±0.01 
2 0.22 ±0.03 0.06 ±0.01  0.08 ±0.02 0.06 ±0.01  0.06 ±0.01 0.06 ±0.02 
3 0.25 ±0.03 0.07 ±0.01  0.09 ±0.02 0.07 ±0.01  0.09 ±0.02 0.06 ±0.02 
7 0.30 ±0.03 0.09 ±0.01  0.15 ±0.02 0.12 ±0.01  0.12 ±0.01 0.08 ±0.02 
14 0.25 ±0.02 0.15 ±0.02  0.14 ±0.02 0.17 ±0.02  0.12 ±0.01 0.10 ±0.01 
21 0.24 ±0.02 0.14 ±0.01  0.12 ±0.01 0.19 ±0.02  0.12 ±0.01 0.13 ±0.02 
 
2HL Treatment Comparisons 
Piglets did not spend the same proportion of time under each heat lamp (Zhl1 and Zhl2) 
on any of the observed days of lactation (p<0.001). Similarly, piglets did not spend the same 
proportion of time in each creep area (Zhc1 and Zhc2) on any of the observed days (p<0.001).  
 
Discussion 
Sow Postures 
Sow posture budgets differed between experimental HL treatments. The difference in 
average proportion of time spent lying between HL treatments varied by day of lactation, but the 
greatest difference was noted on day -1 (Average ±SE. 1HL = 0.79±0.01, 2HL = 0.81±0.01), 
when the average daily time spent lying was 28 min greater for sows with 2HL treatment. This 
difference was only a 2% increase in time spent lying. Additionally, the time spent standing 
increased for sows housed in farrowing stalls with 1HL treatment by an average of 11 min 
compared to 2HL treatment. This is relatively small practical difference, considering that on 
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average, sows stood for 2.6 h each day. Sitting and kneeling were not significantly impacted by 
HL treatment. 
Sows housed in S stall layouts had a greater average proportion of time spent lying 
compared to those housed in C stall layouts (S = 0.87±0.00, C = 0.85±0.00) and decreased time 
sitting compared to sows housed in C or T stall layouts (S = 0.026±0.00, C = 0.031±0.00, T = 
0.030±0.00). This could indicate that the wider stall in the S stall layout were more 
accommodating than the narrower C and T stall layouts. Andersen et al. (2014) reported that 
sows in farrowing stalls spent more time sitting compared to sows in pens, confirming that the 
provision of more space to the sow can encourage them to sit less. Baxter and Edwards (2017) 
suggested that sows in stalls sit to mitigate interactions with their piglets. Therefore, a wider sow 
stall may provide the sow greater control with regards to piglet interactions and reducing the 
time she spends sitting. This hypothesis is further supported as time spent lying significantly 
decreased with increasing number of piglets while time spent standing and kneeling increased.  
These results indicate that changes to the farrowing environment can produce changes in 
sow behavior, which could be used to encourage the sows to spend more time lying and reduce 
opportunities for piglet injury or overlay (Damm et al., 2005). However, it is worth noting that 
no significant differences were found in percent pre-weaning mortality or overlay for the 
experimental treatments evaluated in the present study (Leonard et al., 2020). 
Day of lactation had a significant influence on the proportion of time duration for each 
posture and behavior. Lying time was reduced on days -1 and 0 as expected, since sows exhibit 
an increase in activity around the time of parturition (Andersen et al., 2014; Baxter et al., 2011). 
Accordingly, time spent in the other postural positions increased on these days. After farrowing 
(days 1 to 3), the amount of time spent lying was significantly greater and time spent standing 
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was significantly less than pre-farrowing (days -3 to -2), but both returned to statistically similar 
pre-farrowing proportions of time on day 7. Time spent sitting and kneeling followed similar 
trends to time spent standing. These results reveal that sow postural behavior differed from 
“baseline” behavior on days 0 to 3 but return to baseline on day 7.  
P1 sows had a greater proportion of time spent lying than the other parities (P1 = 0.87 
±0.002, P2 = 0.85 ±0.003, P3 =0.85 ±0.004, P4 = 0.085 ±0.003). On average, P3 sows spent an 
additional 25 min standing compared to P1, but P1 sows spent 14 mins less time sitting than P2 
and 16 mins less than P4. These represent 17%, 11%, and 10% changes in behavior, respectively. 
Turn significantly impacted proportion of time spent in each postural position. No distinct 
patterns in postural positions were noted due to turn, indicating that differences in the farrowing 
environment or groups of sows vary from turn to turn.  
Sow body shape may have influenced postures and behaviors. Differences in body 
condition overall or in specific areas could have implications for sow welfare in specific stall 
designs. Further, rib shape could have impacted how individual animals interacted with their 
provided stall dimensions. Individual sow body types and shapes could be investigated in future 
works to further refine stall influences on sow behavior. 
 
Posture Shifts 
Frequency of posture shifts was influenced by day, with an increase in shifts on day -1 
and 0. This was likely associated with nest building behavior (Pedersen et al., 2013). Posture 
shifts decrease sharply on day 1, then gradually increase throughout the duration of the lactation 
cycle. Lao et al. (2016) also found that sow activity increased with lactation length. Sows were 
found to have a statistically significant increase in the number of posture changes on days 10 and 
20 of lactation compared to day 1 (Ostović et al., 2012). 
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The increase in posture shifts with increasing number of piglets could be an indicator that 
larger litters make sows more restless. With larger litters there is an increase in competition when 
nursing (Hartsock and Graves, 1976). This could make sows more restless and lead to more 
frequent posture changes. Turn effects with respect to posture shifts indicate that there are 
statistical and practical differences due to seasonality, personnel, and herd health. When 
averaged over the entire lactation cycle, daily time spent changing postures varied from 14.2 
±1.4 min (turn 3) to 25.1 ±1.8 min (turn 1).  
 
Lying Orientation 
While there was a statistical difference on day -2 of lactation for S stall layouts with 
regards to lying orientation, the practical difference between baseline behavior and day -2 
behavior was less than 1 min. Sows with the 1HL treatment did not show any deviation from 
baseline behavior. This is contrary to results reported by Lao et al. (2016), which stated that sows 
preferred to lay with udders facing away from the HL for the first three days after farrowing. 
However, the study by Lao et al. (2016) was conducted with 15 sows, while the present study 
had a greater sample size of 162 sows in the 1HL treatment group (by stall layout, T = 53 sows, 
C = 51, S = 58). Results indicate that the presence of HLs in the configurations investigated do 
not influence the lying behavior of sows compared to baseline behavior (which was evaluated 
before the HLs were turned on). However, supplemental heat lamps placed in other 
configurations, such as closer to the sow or suspended higher above the floor, may increase 
radiative heating of the sow and could potentially influence welfare and behavior.  
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Sow Behaviors 
Although sows housed in farrowing stalls with the 1HL treatment showed increased 
proportion of time spent standing, there was no statistical difference between feeding or drinking 
behaviors between HL treatments, indicating that the additional time standing was not spent at 
the feeder or drinker. Feeding behavior was significantly impacted by stall layout, with sows in 
C stall layout exhibiting increased feeding behavior compared to those in the other layouts. 
However, the practical difference in average time spent on feeding behavior was less than 8 
minutes (T = 0.072±0.001, C = 0.077±0.001, S = 0.073±0.001). The direct correlation between 
feeding and drinking behaviors and number of piglets may be because sows with more piglets 
must consume additional feed in order to produce a greater quantity of milk to satiate the 
increased nutritional needs of larger litters. 
Parity also influenced feeding and drinking behavior. Parity 1 sows devoted significantly 
less time feeding compared to P2 sows, and less time drinking compared to P3 sows. 
Primiparous sows have lower feed intake than multiparous sows, which aligns with these results 
of less time spent at the feeder (Biensen et al., 1996). 
While feeding behavior was impacted by farrowing cycle, drinking behavior was not. 
This was unexpected, as it is typically assumed that feeding and drinking are related behaviors. 
However, it is important to note that for the present study feeding and drinking behaviors were 
assessed as the time the sow head was present in those relative locations of the stall, not actual 
time spent consuming feed and water. It has been documented that seasonal differences influence 
sow productivity and performance (Leonard et al., 2020), and the results of this study indicate 
that seasonal differences impact sow behavior as well. 
Another important behavior that could be considered an indicator of sow welfare, bar 
biting, was not monitored in the present study. Andersen et al. (2014) reported that sows in stalls 
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chewed pen fittings more frequently than sows in pens, indicating that the stalled sows were 
potentially more frustrated or restless. This could be an important behavioral metric worthy of 
investigation for future studies.    
 
Piglet Location 
Misclassifications by the computer vision algorithm would likely be uniformly 
distributed among zones. Proportion of day spent in each zone was similar to results report by 
Vasdal et al. (2009), further validating the processing algorithm and study results.  
Piglets in the 2HL treatment group spent significantly more time in Zhl and less in Zs and 
Zc compared to 1HL treatment. These results indicate that the additional heat lamp is successful 
in encouraging piglets to increase occupancy near the supplemental heat sources and decrease 
occupancy near the sow. On average, piglets in the 2HL treatment group spent an additional 
0.23, 0.21, and 0.14 proportion of day under a HL on days 0 to 3, respectively, compared to 
piglets in the 1HL treatment group. The increase in proportion of time spent under a HL could be 
because there was twice the heated floor area in Zhl in the 2HL treatment, rather than a 
conscious piglet choice to spend more time in the heated area. Regardless, results indicate that 
when provided with a second HL piglets do spend more time in the heated areas.  
Generally, piglets in T stall layouts spent the least amount of time in Zhl, with piglets in 
the C and S stall layouts having significantly higher proportions of time in Zhl (T = 0.70 ±0.01, 
C = 0.80 ±0.01, S = 0.76 ±0.01). Piglets in the T stall layouts spent significantly more time in Zc 
compared to piglets in the C and S stall layouts. The C and S stall layouts had increased creep 
floor area; therefore, both Zhl and Zc were physically larger for those treatments than for T stall 
layout. A potential justification for why piglets housed in T stall layout spent less time in Zhl and 
more time in Zc is that the piglets could have been piling. The narrower creep area of the T stall 
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layout may not have accommodated all piglets to pile within Zhl as they could in the C and S 
stall layouts; thus, in the T stall layout more piglets laid in Zc.  
A significantly greater proportion of time was spent in Zs for the S stall layout compared 
to C stall layout, and generally the T stall layout also had a greater proportion of time in Zs 
compared to C stall layouts. As the C stall layout consistently had the lowest average proportion 
of time spent in Zs, this indicates that the additional creep area was successful in encouraging 
piglets to move away from the sow. S stall layouts had the greatest proportion of time in Zs, 
which is logical as the S layouts also had the greatest floor area for Zs.  
The proportion of Zhl was greatest on the early days of lactation (days 0 to 3) for all 
treatment groups and declined significantly in later lactation (days 7, 14, 21). An inverse trend 
was observed for Zc, suggesting that piglets began replacing time in Zhl with time in Zc. Similar 
trends were also reported by Vasdal et al. (2009). There was a slight decrease in Zs values as the 
duration of lactation increased (day 1 = 0.14±0.00, day 7 = 0.09±0.00, day 21 = 0.07±0.00), 
demonstrating that piglets prefer to spend the greatest proportion of time near the sow in early 
lactation.  
 
1HL Treatment Comparisons 
While piglets did not spend the same proportion of time in Zhc and Zuhc, preference 
between the two zones varied throughout the course of lactation and between treatments. The 
notable difference between the two zones was the proximity of the HL, but other factors could 
have contributed to piglet preference choices as well. Piglets tend to sleep after nursing, therefore 
the orientation of the sow during nursing could have influenced which side of the creep piglets 
spent the subsequent period of time in. Creep side choice could also have been influenced if one 
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creep area became soiled or drafty. It is likely that piglet social structure and behaviors would 
have contributed to creep choice as piglets tend to pile together for warmth and while sleeping.  
 
2HL Treatment Comparisons 
Similarly, piglets in the 2HL treatment did not spend equal time under each HL. This 
could be an indication that the perceived quality of area or heat distribution intensity under the 
two HLs were different, or it could be a result of preference for all piglets to pile together when 
under a HL. Future studies tracking individual piglets could provide additional insight into group 
behaviors, as once individual trends in behavior are identified their influence on group dynamics 
can be better understood. 
 
Conclusions 
A computer vision system was used to compare sow postures and behaviors and piglet 
location between three farrowing stall layouts (T – traditional, C – expanded creep area, S – 
expanded sow area) and use of one (1HL) or two heat lamps (2HL). The key conclusions from 
this study are: 
• Sows in S stall layouts had an increased proportion of time lying and decreased 
sitting compared to T and C stall layouts.  
• Sows with 2HL treatment spent more time lying and less time standing compared 
to 1HL treatment sows. 
• An increase in number of piglets resulted in a decrease in proportion of time sows 
spent lying, and an increase in proportion standing, kneeling, feeding, drinking, 
and posture shifts. 
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• Parity and turn effects significantly influenced sow postural budgets and piglet 
location behavior.  
• Lying orientation of sows did not significantly deviate from baseline behavior for 
1HL or 2HL treatments. 
• Generally, piglets in C and S stall layouts spent more time under the HLs and less 
time in the creep area than piglets in T stall layouts. Piglets in S stall layout spent 
more time in Zs compared to C stall layout piglets.  
• Providing a second HL increased the amount of time piglets spent in the heated 
area for all stall layouts on all days of lactation.  
• Piglets did not equally divide time between the two creep zones (1HL and 2HL 
treatments) or between each of the heat lamps (2HL treatment). 
These outcomes can be used to better understand the implications of space allocation and 
number of heat lamps on sow and piglet behavior. This study can guide farrowing stall layout 
and supplement heat source decisions. 
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In this chapter a computer vision system is calibrated and used to measure the space 
usage of 61 late gestation commercial sows. Length, width, and height of physical space utilized 
for static lying, full lying, and standing as well as dynamic standing up and laying down 
sequences were quantified. Based on this space usage data, equations were developed to create 
gestation stall dimension guidelines as a function of sow weight.  
For this publication, Dr. Xin and I worked together on project concepts, securing funding, 
and project management. Dr. Stinn served as industry partner liaison and assisted with 
equipment set up. I completed the data collection and processing, as well as the sensor 
calibration. Dr. Kai Liu helped with equipment set up and processing algorithm development. 
Dr. Dutta and I developed the statistical analysis methods, and I conducted the analysis. I drafted 
the manuscript, and all parties, especially Dr. Ramirez, were involved with the revision of the 
manuscript. 
 
Abstract 
The amount of space provided to individually housed gestating sows has both financial 
and welfare implications. Many U.S. swine producers use gestation stall dimensions based on 
recommendations published in the 1980s (L × W × H: 213 × 61 × 100 cm). The physical 
characteristics of sows have changed since then, but limited empirical data are available 
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concerning the space allocation needed to accommodate modern gestating sows. This study used 
a time-of-flight depth sensor to quantify static and dynamic space usage of 61 modern sows in 
late gestation. A calibration equation was developed to accurately convert image pixels to 
physical dimensions. Statistical models were developed to relate length, width, and height of sow 
space usage to body weight. Results showed that to accommodate free choice space usage of 
small to average (228 kg) sows, minimum gestation stall dimensions need to be 196 × 115 × 93 
cm (L × W × H). To accommodate average to 95th percentile (267 kg) sows, minimum stall 
dimensions need to be 204 × 112 × 95 cm. The 95th percentile sow space usage had a 4% 
decrease in length, 84% increase in width, and 5% decrease in height compared to typical 
gestation stall dimensions. These results help to inform future gestating sow housing designs. 
Further work is needed to understand how restrictions on sow space usage may impact sow 
welfare, as well as the space needed to perform behaviors such as feeding and turning around.  
Keywords: body weight, gestation design, housing, sow crate 
 
Introduction 
Space allocation in gestating sow housing is an important economic and animal welfare 
issue for commercial swine producers. Excess space per animal increases barn construction, 
equipment, and maintenance costs; conversely, inadequate space provision could lead to reduced 
sow welfare, development of sores, and reduced productivity (Curtis et al., 1988; Barnett et al., 
2011). Many commercial U.S. swine producers utilizing gestation stalls implement a standard 
213 × 61 × 100 cm (L × W × H) design (Midwest Plan Service, 1983). However, this 
recommendation has become outdated as there have been many advancements and changes in 
swine performance and physical size. There is also a trend of increasing litter size for modern 
commercial sows, suggesting that sow body capacity has increased (Rutherford et al., 2013). In 
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2011, Danish Landrace × Large White sows were determined to have increased on average 7 cm 
in body length and 24 kg in weight compared to measurements from a similar sow breed taken in 
1994 (Moustsen et al., 2011). These results illustrate the trend of increasing sow physical 
dimensions and the need of reevaluating the size of gestating sows for efficient housing designs. 
Traditionally, two types of quantitative methods have been used to assess the physical 
size of pigs to evaluate housing designs. Contact methods, such as direct measurement (i.e., with 
measuring tape, ruler, or calipers), depend on cooperative animals to achieve low error (Baxter 
and Schwaller, 1983; Curtis et al., 1989; McGlone et al., 2004; Moustsen et al., 2011). This 
method limits the number of pigs that can be observed, as it can be stressful for the animal and 
labor intensive for the researchers. Moreover, contact methods can only evaluate the static space 
the pigs occupy when in one postural position and are unable to directly capture the dynamic 
space usage when transitioning between postures. Accurate dynamic space information is critical 
for facility design, as sows will need to perform these transitions when housed in stalls (Baxter et 
al., 2011). Static measurements can be extrapolated to dynamic space requirements with 
empirical relationships; however, these relationships were developed based on the outdated sow 
body types of over 30 years ago (Baxter and Schwaller, 1983; Petherick, 1983). 
Non-contact methods, such as analysis of 2D digital images, have been developed to 
evaluate both static and dynamic space utilization of sows. This approach provides the ability to 
cumulatively evaluate the space occupied by a sow as she performs dynamic postural transitions 
(Baxter and Schwaller, 1983; Mumm et al., 2017). However, digital imaging methods can result 
in errors when converting from pixel measurements to physical dimensions. The conversion 
factor between pixels and physical units differs based on distance between the sow and the 
camera. This distance fluctuates as the sow transitions between postures and is difficult to assess 
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in digital images. One solution to this challenge associated with 2D images is capturing 3D depth 
images. A depth imaging system has been applied to quantify static space usage of modern grow-
finish pigs (Condotta et al., 2018). Distance between the animal and depth sensor can be 
calculated for each image individually, enabling more reliable conversion factors from pixels to 
physical measurements. Thus, to capture dynamic sow postural transitions accurately, 
application of a depth imaging system is necessary.  
Static and dynamic space usage of gestating sows have not been recently evaluated; 
albeit, advances in swine genetics have changed the size of commercial sows. Developments in 
technology such as depth sensors allow accurate and automated assessment of sow space usage. 
The objectives of this work were: (1) develop the relationship between pixel and physical 
measurements using a Kinect V2® time-of-flight depth sensor (Microsoft, Redmond, WA, USA), 
(2) quantify the static and dynamic space usage of modern commercial sows in late gestation 
when housed in an open pen, and (3) develop a statistical model relating sow body weight to 
static and dynamic space usage. This information is expected to enable an improved 
understanding of modern sow space usage and inform guidelines for individual sow gestation 
stall dimensions.  
 
Materials and Methods 
Sensor Calibration 
A calibration procedure and regression analysis determined the relationship to convert 
pixel measurements to physical dimensions (i.e., centimeters), as well as compensated for 
potential distortion induced by the time-of-flight depth sensor. One Kinect V2® was suspended 
from the ceiling in a laboratory setting to capture depth images. Rigid foam insulation (19 mm 
thick) was used to create calibration rectangles of various dimensions to simulate sow size. 
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Calibration rectangles were individually placed in multiple configurations within the viewable 
area of the Kinect V2® to develop the calibration regression equation. 
Calibration rectangle widths (50, 60, and 70 cm) were selected based on the most 
common U.S. gestation sow stall width (60 cm) and were varied to encompass a ±10 cm range 
(Midwest Plan Service, 1983). Preliminary manual measurements of sow length ranged from 150 
to 190 cm; thus, the calibration rectangle lengths (150, 170, and 190 cm) were chosen to 
represent the anticipated range. Combinations of the three widths and three lengths resulted in 
nine sizes of calibration rectangles.  
Data collection in the commercial facility would require mounting the Kinect V2® 218 
cm above the floor (as constrained by ceiling height). Therefore, 218 cm was used as the 
maximum distance point between Kinect V2® and calibration rectangles during sensor 
calibration. The minimum calibration distance point was 127 cm, as determined by preliminary 
measurements of standing sow height. Additionally, a middle point of 173 cm distance between 
calibration rectangle and Kinect V2® was used.  
Four locations within the viewable area of the depth image (middle, top edge, corner, and 
side edge) were tested to verify potential data distortion on the long axis (x-direction) and short 
axis (y-direction) of the image. The long axis of calibration rectangles was placed in two 
orientations: (1) parallel to the x-direction of the image, and (2) parallel to the y-direction of the 
image. In each configuration, the calibration rectangles were supported underneath at both ends 
and the middle to ensure the entire calibration rectangle was at a uniform height. Twelve depth 
images were taken of each possible configuration, six of which were randomly selected for 
analysis.  
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Combination of all factors yielded 216 possible configurations. In some cases, the entire 
calibration rectangle was not within the viewable area of the depth image of the Kinect V2®; 
thus, some configurations were excluded from analysis. All 150 usable combinations are shaded 
below in Table 5.1. 
Table 5.1. Matrix of all possible calibration configurations with usable combinations shaded. 
Calibration rectangle width is designated by W (50, 60, and 70 cm), length is designated by L 
(150, 170, and 190 cm), orientation as long axis of the calibration rectangle parallel to the x- or 
y-direction of the image. Position within image indicated by P (C-corner, S-side, E-center, T-
top). Distance from Kinect V2® to calibration rectangle indicated as D (218, 173, 127 cm). 
 Long axis of calibration rectangle parallel to x-direction of image Long axis of calibration rectangle parallel to y-direction of image 
L150 L170 L190 L150 L170 L190 
W50 W60 W70 W50 W60 W70 W50 W60 W70 W50 W60 W70 W50 W60 W70 W50 W60 W70 
D218 PC                   
PS                   
PE                   
PT                   
D173 PC                   
PS                   
PE                   
PT                   
D127 PC                   
PS                   
PE                   
PT                   
   
An algorithm developed in MATLAB (R2017a, The MathWorks, Inc, Natick, MA, U.S.) 
was used to process the depth images. The algorithm isolated the calibration rectangle in the 
image and calculated the maximum x and y measurements in pixels. Pixel measurements were 
divided by the actual calibration rectangle dimensions (measured with a tape measure) and this 
information was used to develop a regression to relate pixel to physical distance. 
 
Animals 
A total of 61 structurally sound Landrace × Yorkshire (PIC genetics) gilts and sows, 
hereafter all referred to as sows, in weeks 11 to 15 of gestation were observed in this study. Late 
gestation sows were selected because during this period the greatest body dimensions were 
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expected. Each sow was weighed within seven days of image data collection. Two 22.7 kg 
certified calibration weights were used to confirm the accuracy of the scale at each weighing 
event. Sow body weight ranged from 169.2 to 281.2 kg with an average of 228.6 kg. Sows 
selected in this study were normally housed in gestation pens in groups of 12 to 15 sows or in 
individual gestation stalls. 
 
Experimental Setup and Instrumentation 
Two observation pens with fully slatted concrete floors housed individual sows during 
image data collection periods. The pen floor area was 1.8 × 2.5 m, which provided the sow space 
to turn around, lay down, and stand up without touching the pen sides, if desired. Sows were 
placed in one of the observational pens for 24 h and were fed once per day in their previous stall 
or pen per farm operating procedures, immediately prior to observation. After observation, sows 
were moved to individual stalls. One nipple drinker in each observation pen provided ad libitum 
water. Data were collected from January 2017 to December 2018, with an average room 
temperature of 19°C (SD = 2°C) and average relative humidity of 68% (SD = 11%) as recorded 
by a portable datalogger (MX2300, Onset Computer Corporation, Bourne, MA, U.S.) suspended 
above the observational pens.   
One Kinect V2® sensor was suspended from the ceiling above the center of each 
observation pen and was connected to a mini-PC (ZBOX-CI325NANO, ZOTAC, Duarte, CA, 
U.S.). Both depth and digital images were collected at 0.5 FPS. Depth images (512 × 424 pixels) 
had a viewable floor area of 3.6 × 2.9 m. Digital images (1920 × 1080 pixels) were collected 
solely for animal identification. Images were stored on external hard drives for subsequent 
processing. One cellular mobile hotspot was connected to both mini PCs to enable remote 
monitoring of data collection. 
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Image Selection Criteria 
Measurements were performed on sows when observed to be in five unique positions. 
These five positions were comprised of three static positions: static lying (SL), static full lying 
(SFL), and static standing (SS) as well as two dynamic positions: dynamic laying down sequence 
(DLD) and dynamic standing up sequence (DSU). Three images of each sow in the desired static 
position (lying, standing) were manually selected, with the same images being used for SL and 
SFL. Static lying images were chosen when the sow was recumbent, with at least three legs 
completely visible and head in profile view. Preference was given to lying images with all legs 
visible and fully extended. For occurrences of SS, three images were manually chosen when the 
sow was stationary and standing upright with legs fully extended, nose pointed forward, and 
oriented reasonably straight from nose to tail. If possible, images taken at various hours 
throughout the observation period were selected.  
Three separate sequences were manually chosen for DLD and DSU. Delineation of 
beginning and end of these sequences were modeled after descriptions provided by Baxter and 
Schwaller (1983). The DLD sequences began with one image of the sow standing upright, 
continued as she went to her knees in the kneeling position, and was completed with one image 
of the sow lying down. Conversely, DSU sequences began with one image of the sow laying, 
continued as she transitioned to sitting, and ended with one image of the sow standing upright. 
Dynamic sequences with duration less than 6 s were discarded to ensure at least one frame of 
transitional posture was captured. Sequences greater than 60 s were discarded as these longer 
sequences often encompassed additional behaviors outside the definitions of the transition 
sequences described above (i.e., extensive rooting, nosing other sows through the gating). Of the 
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sequences that satisfied the selection criteria, final dynamic position choices were made to vary 
the hour of occurrence of the sequences throughout the data collection period for each sow. 
 
Image Processing  
A MATLAB program was used to isolate the sow in the depth images selected for 
analysis. First, distance measurements from the Kinect V2® were subtracted from 2.18 m 
(distance from Kinect V2® to pen floor) to establish height above the floor. Pixels with a height 
less than 20 mm were eliminated to remove the pen floor and other noise. Gradually increasing 
height filters were applied to the edges of each image to remove the pen walls and drinker. The 
largest blob remaining in the image was then selected as the sow, effectively eliminating manure 
or other objects from the image. Average height of all pixels in the sow blob was calculated in 
each depth image. The outline of the sow blob was converted to a polygon and then scaled from 
pixel to physical measurements utilizing the calculated conversion factor based on the average 
height of all pixels in the sow blob. Scaled polygons were then binarized. 
For static positions, length and width parameters were measured from the binary sow 
blob using a bounding box. Static full lying, SFL, evaluated the total space occupied by the sow 
with width measured from the back of the sow to the end of the fully extended legs (Figure 5.1). 
Alternatively, SL evaluated the space occupied by the sow based on the assumption that legs of a 
fully recumbent sow will extend into a neighboring stall; therefore, the SL bounding box 
excluded the extended legs (i.e., region extended past the elbow and hamhock) and the width was 
measured from the back of the sow to the udder line. Length and width measurements were also 
taken on the bounding box for the SS position (Figure 5.1). 
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Figure 5.1. Example illustrations of postural positions assessed in this study with bounding boxes 
drawn in red to show the length and width of measurements. Height was also measured but 
excluded from this figure for clarity. Images are not to scale. Static positions: SL – static lying 
(excluding extended legs), SFL – static fully lying (including extended legs), SS – static 
standing. Dynamic positions: DLD – dynamic laying down, DSU – dynamic standing up. 
 
For dynamic positions, each image of the sequence was scaled and binarized with the 
same process as the static images. Polygons were scaled around the centroid of the sow in each 
image. All images in a dynamic sequence were superimposed to determine the maximum space 
utilization for the sequence (Figure 5.1). 
In both the static and dynamic analyses, it was assumed the ears and tail of the sows were 
flexible and could fit within the bounding box created by the bulk of the sow body. If these body 
parts were the maximizing pixels in any dimension of the bounding box, they were cropped from 
the image. The length and width of the bounding box utilized for each posture or transition were 
measured, as well as the maximum single pixel height.  
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Statistical Analysis 
Statistical analysis was conducted using R statistical software with car, emmeans, 
lmerTest, and stats packages (Fox and Weisberg, 2019; Kuznetsova et al., 2017; Lenth, 2019; R 
Core Team, 2019). A natural log transformation was performed on the response variables, that is, 
bounding box length, width, and height, as well as the variable of sow weight to correct trends in 
model residuals. Then, for a given sow and position, the three repeated measurements were 
averaged for each response dimension. As some of the response dimensions showed evidence of 
correlation, the length, width, and height for each position were analyzed simultaneously using a 
multivariate analysis of variance (MANOVA). Sow parity, weeks in gestation, and transformed 
sow weight were used as variables. Observational pen was included as a covariate as pen 
representation was unbalanced due to data collection failures (9 sows from observation pen A, 52 
sows from observation pen B). Date of data collection was excluded from the model as multiple 
sows were observed on only 4 of the 57 days of data collection.  
 
Results and Discussion 
Sensor Calibration 
Regression equations were calculated using the x-, y-, and combined x- and y-directions 
and are shown in Table 5.2. The combination x- and y-direction regression resulted in minimal 
impact on conversion accuracy, so both directions were combined for simplicity. The RMSE of 
this equation resulted in an uncertainty of 0.013 m. 
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Table 5.2. Regression equations to convert from image pixel measurements to meters. Equations 
were developed using data from the calibration rectangle image evaluation. The x- and y-
directions of the images were evaluated separately, as well as x- and y-directions combined. 
Distance from Kinect V2® to calibration rectangle is represented by d (m). 
 Equation Adjusted R2 RMSE (m) Number of Data Points 
x-direction 139.7d2-617.7d+854.7 0.9994 0.01277 150 
y-direction 142.1d2-627.3d+864.7 0.9996 0.01123 150 
x- and y-direction combined 140.9d2-622.5d+859.7 0.9995 0.01282 300 
 
The residual error of the pixel m-1 versus distance from Kinect V2® equation is shown in 
Figure 5.2. One outlier was excluded. A quadratic regression was selected as it explained the 
greatest amount of variation in the data. An increase in variation was observed with increasing 
distance from the Kinect V2®, as the depth sensor becomes noisier with increased distance 
(Steward et al., 2015). This variation subsequently increased the range of residuals at greater 
depth distances. 
Figure 5.2. Pixel m-1 versus distance from Kinect V2® equation and residuals (actual – 
predicted). 
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An evaluation of residuals indicated that there were no obvious trends associated with 
calibration rectangle length, width, orientation, distance from sensor, or location within image. 
 Depth information output from the Kinect V2® is inherently in millimeters, and thus did 
not require a conversion equation. Distance measurement errors due to sow height, orientation, 
and position within the depth image are negligible (Wasenmüller and Stricker, 2017). 
 
Correlation Between Length, Width, and Height of Sow Measurements 
There was evidence of correlation between dimension measurements of sows for some of 
the positions observed, with the greatest correlation occurring between the length and height for 
standing sows (r = 0.45; Table 5.3). This evidence was used to justify the use of MANOVA. In 
all positions, dimension responses were significantly influenced only by sow weight (p<0.001 
for each model). As such, result presented below are averaged over sow parity, weeks in 
gestation, and pen.  
Table 5.3. Correlation coefficients between length, width, and height for each of the five 
positions measured. Static positions: SL – static lying (excluding extended legs), SFL – static 
fully lying (including extended legs), SS – static standing. Dynamic positions: DLD – dynamic 
laying down, DSU – dynamic standing up. 
 
 
 
 
 
 
 
  Width Height 
SL Length 0.069 0.041 
 Width - 0.341 
SFL Length 0.121 0.023 
 Width - 0.288 
SS Length -0.043 0.449 
 Width - -0.125 
DLD Length 0.085 0.266 
 Width - 0.241 
DSU Length 0.221 0.044 
 Width - -0.100 
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Relationships Between Sow Weight and Space Usage 
Graphical depictions of the relationship between sow weight and static/dynamic space 
usage are presented in Figure 5.3. Corresponding allometric equations are shown in Table 5.4, as 
well as equations presented in other studies. The greatest variation was seen in bounding box 
width for the DSU position, and this variation is likely the source of the negative correlation 
between weight and width dimension. For the static positions, a sow at a given weight had a 
decrease in length for SS compared to SL or SFL. This decrease could be caused by the 
differences between postures as the sow may adopt a greater back curvature when standing; thus, 
reducing body length.  
 
Figure 5.3. Relationship between sow body weight and length, width, and height of space usage 
for each position. Shading indicates 95% confidence interval. Static positions: SL – static lying 
(excluding extended legs), SFL – static fully lying (including extended legs), SFL – static fully 
lying (including extended legs), SS – static standing. Dynamic positions: DLD – dynamic laying 
down, DSU – dynamic standing up. 
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Table 5.4. Equations relating sow body weight (W) in kg to dimensions of space usage for given 
positions. Results are presented with ± percent SE when possible. The results from the present 
study are shown in conjunction with equations from previous literature. Static positions: SL – 
static lying (excluding extended legs), SFL – static fully lying (including extended legs), SS – 
static standing. Dynamic positions: DLD – dynamic laying down, DSU – dynamic standing up. 
Position Length (mm) Width (mm) Height (mm) Source Animals 
Sow BW 
Range 
(kg) 
SL 430W0.26 ±0.45% 279W0.17 ±0.45% 161W0.15 ±1.50% 
Present Study 61 sows 
169.2-
281.2 
SFL 465W0.24 ±0.45% 298W0.21 ±0.63% 156W0.16 ±1.51% 
SS 585W0.18 ±0.46% 97W0.27 ±0.65% 217W0.25 ±0.55% 
DLD 360W0.29 ±0.65% 165W0.30 ±1.06% 560W0.08 ±0.65% 
DSU 557W0.23 ±0.58% 5460W-0.30 ±2.01% 557W0.23 ±0.69% 
Static Standing 297W0.33 ±4.06% 59W0.34 ±6.28% 166W0.29 ±4.71% 
Baxter and 
Schwaller 
(1983) 
191 pigs 1-286 
Overall Minimum 
Space 
384W0.33 126W0.34 177W0.29 
10 sows 210-215 
Dynamic Space 297W0.33 + 68W0.33 59W0.34 +61W0.34 - 
Static Standing 300W0.33 64W0.33 156W0.33 
Petherick 
(1983) 
  
Static Standing 317W0.296 89W0.286 260W0.24 
Curtis et al. 
(1989) 
208 sows 
161.4-
343.2 
 
For a static position linear dimension should vary with volume or weight to the one third 
power (Baxter and Schwaller, 1983; Thompson, 1917). The empirical equations developed in 
this study for SS most closely meet this expectation. The exponent for SS length is lower than 
the anticipated one third value, indicating that sow body weight has a smaller influence on 
length. The coefficients are similar between SL and SFL, with the marked difference being the 
decrease in exponent for SL width due to the exclusion of the space occupied by the legs of the 
sow. Values fluctuate for coefficients and exponents of the dynamic sequences. The negative 
exponent and large coefficient for DSU width are likely due to the variation seen in these 
sequences. Comparisons between sow dimensions for specific body weights will be discussed in 
the following section. 
For all positions and sow weights evaluated, the height of the space utilized by sows was 
less than the typically provided 100 cm gestation stall height (Midwest Plan Service, 1983). 
117 
 
Though the length of space utilized by sows in this study was less than typical stall dimension of 
213 cm, it is important to consider other behaviors sows must perform when housed in stalls. 
Additional stall length may be needed for defecation and urination, and some manufacturers 
place feeders within the stated outer dimensions of stalls. The quality of the space provided (i.e., 
flooring type, partition type, enrichments) can influence how sows use the space as well (Baxter 
et al., 2011). These aspects should be considered and further investigated before modifying the 
stall length from the current typical recommendation of 213 cm.  
In this study, the width of space usage only in the SS position was less than the typical 
gestation stall width of 61 cm (Midwest Plan Service, 1983). When lying, average sow depth of 
body ranged from 67 cm (169 kg sow) to 73 cm (281 kg sow). Width of space used was 
increased further in the dynamic sequences, suggesting that gestation stalls may restrict sow 
space usage compared to open space.   
For each dimension of length, width, and height the greatest values and greatest variation 
occurred in the standing up sequences. Baxter and Schwaller (1983) also found the standing up 
sequence to require the greatest amount of space, and attributed the large variation in this 
movement to differences in sow stability due to individual clumsiness and flooring condition.  
 
Stall Size Recommendations 
Relationships observed between sow weight and space usage indicate stall size 
recommendations should be based on sow weight. To better accommodate sow and financial 
limitations, it is reasonable to propose two different sizes of sow stalls. Table 5.5 displays the 
space usage by dimension utilized by average body weight sows, 228 kg, and 95th percentile of 
sow weights in this study, 267 kg. Values are presented with 95% confidence intervals. Gestation 
stalls should accommodate the positions measured in this study; therefore, stall sizes are based 
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on the greatest dimension value (DSU position). Similar to recommendations made by McGlone 
et al. (2004), stall dimensions are proposed to include the upper limits of the 95% confidence 
interval. Hence, a stall size to accommodate small to average sows based on space usage would 
need minimum dimensions (L × W × H) of 196 × 115 × 93 cm. A stall size to accommodate 
average to 95th percentile sows would be 204 × 112 × 95 cm. While these direct study 
recommendations would suggest that larger sows require a decrease in stall width, when the 
amount of variation is considered, it is not recommended to decrease stall width for larger sows. 
Table 5.5. Length, width, and height of mean space usage and 95% confidence interval are 
provided for each position measured for an average (228 kg) and a 95th percentile sow (267 kg). 
Largest values for each dimension are in bold. Static positions: SL – static lying (excluding 
extended legs), SFL – static fully lying (including extended legs), SS – static standing. Dynamic 
positions: DLD – dynamic laying down, DSU – dynamic standing up. 
 
 
Compared to other literature, late gestation sows measured by Curtis et al. (1989) were 
heavier than those observed in this study with a mean sow weight of 244.8 kg and 95th percentile 
of 304.5 kg compared to 228 and 267 kg in this study. However, all the sows assessed by Curtis 
et al. (1989) were in week 15 of gestation and parities 1 through 9 were included. Comparatively, 
in the present study weeks of gestation ranged from 11 to 15 and the greatest parity was 8. 
Body Weight 
 Length Width Height 
Position Average 95% CI Average 95% CI Average 95% CI 
Average sow, 
228 kg 
SL 171.6 [168.4,174.8] 70.8 [69.3, 72.3] 37.2 [35.5, 38.9] 
SFL 172.9 [169.4, 176.4] 92.5 [90.2, 94.8] 37.2 [35.4, 39.0] 
 SS 157.4 [154.2, 160.6] 42.1 [41.2, 43.0] 86.3 [84.4, 88.2] 
 DLD 175.4 [170.3, 180.5] 82.7 [79.4, 86.0] 87.7 [85.5, 90.0] 
 DSU 190.5 [185.4, 195.6] 106.4 [97.7, 115.1] 90.4 [87.9, 92.9] 
95th percentile sow, 
267 kg 
SL 178.7 [174.4, 183.0] 72.8 [70.8, 74.8] 38.1 [35.8, 40.4] 
SFL 179.7 [175.0, 184.4] 95.6 [92.5, 98.7] 38.1 [35.8, 40.4] 
 SS 162.0 [157.7, 166.3] 43.9 [42.7, 45.1] 89.9 [87.4, 92.4] 
 DLD 183.7 [176.8, 190.6] 86.7 [82.2, 91.2] 88.8 [85.8, 91.8] 
 DSU 197.4 [190.6, 204.2] 101.5 [90.8, 112.2] 91.8 [88.5, 95.1] 
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Results from this study are similar to average measurements of length, width, and height for 
standing sows as measured by Curtis et al. (present study: 159.5, 42.9, 87.9 cm; Curtis et al.: 
160.8, 42.9, 89.2 cm). Sow depth of body was not measured by Curtis et al. (1989), thus this 
measurement, thought to be an increased dimension for modern sows, could not be compared. 
Further, Curtis et al. (1989) estimated dynamic space usage with allometric equations proposed 
by Baxter and Schwaller (1983) and found that a 250 kg sow would require 220 × 86 × 99 cm 
stall. Comparatively, the use of models developed in this study indicate that a 250 kg sow would 
require a 195 × 104 × 91 cm stall. The use of the empirical data collected here results in an 11% 
decrease in stall length, 21% increase in stall width, and an 8% decrease in stall height to 
accommodate free choice sow space usage. 
McGlone et al. (2004) also measured heavier sows in comparison to the present study 
(average: 239.9 kg, 95th percentile: 332.7 kg). Comparatively, data from the present study 
suggests modern sows of a given weight have a 7% decrease in length, 7% increase in width, but 
remain similar in height when standing (present model: 159, 43, 87 cm; McGlone et al.: 171, 40, 
88 cm). The average depth of body reported by McGlone et al. (2004) was 13 cm less (22% 
difference) than predicted by the current model (current model: 71 cm; McGlone et al.: 58 cm), 
suggesting that modern sows do have increased depth. However, it is important to note that 
measurements reported by McGlone et al. (2004) were taken on standing sows while the current 
model measured depth of body on lying sows. 
More recently, Mumm et al. (2017) cited that sows in week 13 of gestation required 1.26 
and 1.37 m2 to lay down and stand up, respectively. However, no sow weights were presented 
with these measurements and only one sequence of each transition was measured per animal. 
Moreover, only one calibration image was collected to convert from pixel to physical 
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measurements. It is important to note that the space usage reported by Mumm et al. (2017) is the 
projection of the floor area occupied by the sow and not the dimensions of the stall needed to 
house the sow as reported in this study.  
The changes in sow body dimensions are similar to those reported by Condotta et al. 
(2018) for grow-finish pigs. Dimensions of modern grow-finish swine are 15% wider, 10% 
shorter in height, and 5% shorter in length compared to swine dimension standards from 1968. 
The congruency shown between modern sow and grow-finish body types indicate a trend across 
all stages of production.  
Individual sow body shape could have influenced sow space utilization. Differences in 
body condition overall or in specific areas such as scapula, rib, or hindquarters could have 
impacted the way the sows moved. Additionally, rib shape could have influenced the space usage 
of individual animals. A sow with wide shallow ribs would require greater width when standing 
than a sow with narrow deep ribs. In future space utilization studies, recording sow body 
condition and specific body dimensions could further define the relationship between space 
usage and individual sow body size.  
Gestation stall size is a function of numerous factors and space usage for turning around 
should be considered. Turning around in stall housing is undesirable as it can present 
management and hygiene concerns. The stall width needed for a sow to turn around is often 
assumed to be length of sow body, but Bøe et al. (2011) reported that 7 out of 16 mid-gestation 
sows observed could turn around in stalls with a width 50% of their own body length. Based on 
the sow weights in this study, 50% of body length when standing would range from 75 to 82 cm. 
It is not uncommon for commercial sows to be able to turn around in traditional gestation stalls 
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with a width of 61 cm, suggesting that space requirements for turning around may also depend 
on sow flexibility and motivation. Further information is needed on this topic.  
Current gestation stall width is less than the width of space used by gestating sows in this 
study, implying that sows may be limited when lying recumbent and performing dynamic 
postural transitions in gestation stalls. However, it is unclear what amount of restriction results in 
a negative change in animal welfare. It has been shown that reducing pen width from 240 m to 
sow body length results in significant changes in frequencies of turning around, but statistical 
differences in time spent lying were not detected until pen width was reduced to 60% of sow 
body length (Bøe et al., 2011). Anil et al. (2002) determined that duration of time spent in 
postural positions and time required for postural changes were influenced by stall length and 
width relative to sow length and breadth. These results suggest that space restriction can lead to 
alterations in sow behavior. Additional experiments are needed to determine the relationship 
between amount of space restriction and sow welfare. 
 
Conclusions 
A computer vision system was developed using a 3D time-of-flight sensor to accurately 
measure the static and dynamic space usage of 61 modern commercial sows in late gestation. A 
thorough calibration was conducted to convert pixel measurements to physical measurements 
based on the height of the sow. Using this information, the length, width, and height of a 
bounding box occupied by the sow were evaluated for five sow positions (static: lying, full lying, 
standing; dynamic: laying down sequence, standing up sequence). Models were developed to 
relate dimensions of space usage to sow weight. Average sow (228 kg) static and dynamic 
postural transitions minimum space usage was (L × W × H) 196 × 115 × 93 cm. A 95th percentile 
sow (267 kg) space usage was 204 × 112 × 95 cm. This information offers an improved 
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understanding of modern sow space usage and can be used to inform guidelines for individual 
sow gestation stall dimensions. Further work is needed to obtain sow space usage for turning 
around and to evaluate the impact of varying space restrictions on sow welfare. 
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CHAPTER 6.    MODEL OF INDOOR ENVIRONMENT AND SUPPLEMENTAL HEAT 
REQUIREMENTS FOR VENTILATION SHUT DOWN (VSD) IN SWINE FACILITIES 
Suzanne M. Leonard and Brett C. Ramirez 
A manuscript in preparation for submission to Biosystems Engineering 
 
In this chapter a computer model is developed to simulate dynamic indoor conditions 
during a ventilation shut down event. The model is flexible to allow simulation of various facility 
constructions, sizes, air leakage rates, pig body weights, and ambient conditions. Minimum 
supplemental heat requirements to achieve mortality (greater than 95% mortality within 1 h of 
VSD onset) and African Swine Fever virus inactivation. Results can be used by producers and 
governing agencies to prepare for and respond to disease outbreaks requiring rapid depopulation 
of swine facilities.  
Dr. Ramirez secured funding for this project. Dr. Ramirez and I worked together to 
develop concepts and finalize model assumptions. I created the computer code and generated 
results. I drafted the manuscript and Dr. Ramirez helped revise it.  
 
Abstract 
In the event of an infectious animal disease outbreak, rapid depopulation of the infected 
livestock herds can help prevent the spread of the disease and potentially reduce suffering of the 
impacted animals. There are several options for rapid depopulation; however, many methods 
require substantial labor inputs or specialized equipment, both of which may be difficult or 
expensive to procure. Delays in depopulation prolong the infection, spread of the disease, and 
suffering of the affected animals. An alternative method is ventilation shut down (VSD), where 
mechanical or natural air exchange is stopped and all air inlets and outlets are closed. Ventilation 
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shut down plus (VSD+) is an American Veterinary Medicine Association (AVMA) approved 
depopulation method for swine in which VSD is implemented in conjunction with supplemental 
heat or chemicals to accelerate death. This paper describes a flexible model developed to 
simulate VSD+ using supplemental heat in swine facilities. Results showed that without the use 
of supplemental heat it is not feasible to achieve greater than 95% mortality within 1 h of VSD 
for most conditions. Look up tables were developed that present minimum supplemental heat 
requirements based on body weight (10, 70, 130, 200 kg), air leakage (fans and curtains sealed, 
average, high leakage), and ambient conditions (-30°C to 30°C). Minimum supplemental heat 
requirements are also presented for typical facility designs at various stages of swine production. 
Supplemental heat requirement increased with decreasing pig body weight, ambient temperature, 
and air tightness. Additional supplemental heat was needed to achieve virus inactivation for the 
targeted African Swine Fever virus at 56°C for 70 min. Indoor CO2 concentrations and relative 
humidity levels are also presented. Results can be used by producers and governing agencies to 
prepare for and respond to emergency disease outbreaks when rapid depopulation of swine 
facilities is necessary.  
Keywords: disease containment, rapid depopulation 
 
Nomenclature 
Abbreviation Description 
η Efficiency of the evaporative cooling pads  
A Floor area of the facility, m2 
CO2p CO2 produced by animals, mL s
-1 
dpig Diameter of an individual pig, m 
LHP Latent Heat Production Rate, W kg-1 
Mp Moisture production rate of animals, kg H2O s
-1 
SA Surface area of an individual pig, m2 
SApig Cumulative surface area of pigs in contact with the slats, m2 
SHP Sensible Heat Production Rate, W kg-1 
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SHPcarcass Sensible Heat Production from carcasses, W kg-1 
Tec Evaporative critical temperature, °C 
Teff Effective pig temperature, °C 
THP Total Heat Production Rate, W kg-1 
Tin Indoor dry bulb temperature, °C 
Tlc Lower critical temperature, °C 
Tamb Ambient dry-bulb temperature, °C 
Tambwb  Ambient wet bulb temperature,  
Tpfilm Skin film temperature of mortalities, °C 
Tset Desired room set point, °C 
UAnet Overall building heat loss factor, W °C-1 
BW Average body weight of animal, kg 
 
Introduction 
African Swine Fever (ASF) is a highly contagious virus that causes elevated morbidity 
and mortality rates in swine (USDA APHIS, 2019). While instances of this virus have been 
identified and documented for approximately 100 years, ASF has received increased attention 
recently due to a widespread outbreak first identified in China in August 2018 (USDA APHIS, 
2019). Over a two-year period, more than 40% of the swine breeding herd has been lost in China 
with an economic loss of nearly $40 million from culled animals alone (Shao et al., 2018). 
Disposal of the infected carcasses and manure is also an environmental challenge. As ASF has 
spread into other Asian and European countries, concerns over such an outbreak in the US are 
increasing. Presently, no vaccines are commercially available for ASF (USDA APHIS, 2019). 
Other highly contagious foreign animal diseases also pose a threat to the US swine 
industry. For example, foot-and-mouth disease (FMD), which has not been identified in the US 
since the 1920s, remains endemic in approximately two thirds of other countries worldwide 
(USDA APHIS, 2017). An unchecked outbreak of FMD in the US could cost billions of dollars 
and be highly disruptive to multiple livestock industries (USDA APHIS, 2017). 
In the event of a foreign or highly contagious swine disease outbreak, such as ASF or 
FMD, disease containment is a critical step to limiting the disease spread. Containment is 
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advantageous for the affected industry as a whole, as once disease begins to spread the economic 
and welfare implications multiply rapidly. This is particularly true for geographic areas with high 
animal densities, which are common in US swine production.  
One approach to contain a disease on an infected premise is the rapid depopulation of the 
animals. Rapid depopulation can reduce the likelihood of further disease transmission and 
potentially reduce suffering for impacted animals. Several methods of depopulation have been 
approved for swine by the American Veterinarian Medical Association (AVMA) (American 
Veterinary Medical Association, 2019). Some methods are labor intensive, especially when 
scaled to large numbers of pigs, such as captive bolt or electrocution. Other methods require 
specialty equipment and supplies that may not be readily available in all locations, such as 
inhalant gases or aesthetic overdoses. These measures or situations are inherently unable to 
contain the virus spread in a timely manner. A swift method that does not require high labor 
input or specialized, expensive equipment is ventilation shut down plus supplemental heat 
(VSD+). In this approach, natural and mechanical air exchange is stopped, resulting in the 
increase of indoor air temperature. Supplemental heat is added to expedite time to death of the 
pigs, which occurs via hyperthermia. According to AVMA (2019), the goal of VSD+ is to 
achieve greater than 95% death rate within 1 h of VSD+ initiation. This method was used 
successfully to depopulate poultry facilities during the Highly Pathogenic Avian Influenza 
(HPAI) disease outbreak throughout 2014 to 2015; thereby, establishing VSD+ as a viable 
method for other species as well (Eberle-Krish et al., 2018; Zhao et al., 2019). 
In addition to rapid depopulation, modern livestock and poultry facilities potentially have 
the capability to disinfect the inside of the facility by heat inactivating the virus with 
supplemental heat. For example, ASF can be heat inactivated (HI) at 56°C for 70 min or 60°C 
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for 20 min (World Organisation for Animal Health, 2013). In order to achieve complete HI, all 
surfaces, materials, carcasses, feed, water, etc. within the infected facility would need to meet 
this requirement. The potential of VSD+ to also inactivate the target virus enhances the value of 
this method in the event of a disease outbreak.  
While VSD+ is a feasible rapid depopulation method, there is limited information on 
understanding the dynamics of the indoor conditions during VSD and supplemental heat 
requirements needed to achieve VSD and HI inside a swine facility. Supplemental heat is likely 
needed to implement successful VSD+, but variations in pig size and heat production, ambient 
conditions, and facility type, dimensions, and construction quality can all impact how much 
supplemental heat is needed. Therefore, a computational model is needed to simulate VSD+ and 
enhance the understanding of the impact of various factors on supplemental heat needs. The 
specific objectives of this work were to: (1) develop a model to simulate the dynamics of indoor 
temperature, relative humidity (RH), and carbon dioxide (CO2) concentration during VSD+ for 
typical swine production facilities under different ambient conditions and air tightness, and (2) 
estimate the minimal supplemental heat requirement to achieve temperature goals for mortalities 
and virus heat inactivation. Outcomes of this research can guide producers and governing 
agencies when preparing for and responding to swine disease outbreaks.  
 
Materials and Methods 
The computational model was developed in MATLAB (R2019b, The MathWorks, Inc, 
Natick, MA, US). Site specific values can be used to calculate the indoor temperature, RH, and 
CO2 concentrations at 1 s intervals during a 3 h VSD and to generate look-up tables of 
supplemental heat requirements to achieve pig mortality (greater than 95% mortality within 1 h) 
and virus inactivation (Tin greater than 56°C for 70 min). 
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Ambient Conditions   
Typical ambient conditions for the Midwest US were used in this simulation and 
remained constant for the duration of the simulation. Outdoor temperature ranged from -30°C to 
30°C and solar irradiance was set at 350 W m2 (National Renewable Energy Lab). Ambient RH 
and CO2 concentration were 60% and 400 ppm, respectively. 
 
Facilities and Construction 
User inputs of barn dimensions, sidewall section types, and sizes and number of fans, 
number of doors, and curtain height (when applicable) were utilized to determine the building 
heat loss factor (UAnet). Site specific values were also utilized to calculate building surface 
areas and interior volume. Assumptions on facility construction were based on typical Midwest 
US commercial designs and practices. Details on building components and thermal resistance 
can be found in Table 6.1.  
Table 6.1. Thermal resistance for sidewall section types and building components. Composition 
of wall sections were based on typical industry construction practices. 
Component Thermal Resistance (m2 °C W-1) 
Stud Wall Section 3.80 
Concrete Wall Section 1.45 
Curtain Wall Section 0.18 
Ceiling Section 5.17 
Fan Shutter 0.12 
Door 0.88 
 
For facilities with multiple rooms of animals, one room was selected for analysis. 
Partitions between rooms were assumed to be adiabatic and the room with the greatest exterior 
UA value was used in order to simulate the scenario with the greatest amount of heat loss to the 
ambient environment. 
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Supplemental heat was assumed to be provided with liquid propane (LP) fueled gas 
heaters and therefore would produce 33.65 g H2O MJ
-1 (Berry and Miller, 1989). Heaters were 
assumed to produce 47.0 g CO2 MJ
-1 (Hayes et al., 2013).  
 
Air Infiltration  
The air infiltration rate was calculated using the initial indoor dry-bulb temperature and 
assumed to remain constant. Stack pressure average height was assumed to be 1 m, therefore the 
pressure difference between indoor and ambient was calculated using Equation 6.1.  
 
𝑑𝑃 = (𝑟ℎ𝑜𝑎𝑚𝑏 − 𝑟ℎ𝑜𝑖𝑛) × ℎ𝑒𝑖𝑔ℎ𝑡𝑠𝑡𝑎𝑐𝑘 × 𝑔 (6.1) 
 
Where dP (Pa) was the pressure differential between indoor and ambient, rho (kg m-3) 
was the air density of ambient and indoor conditions, heightstack (m) was the average stack 
pressure height, and g (m s-2) is gravitational acceleration.  
Three levels of air infiltration were evaluated. For the Low level, it was assumed that 
curtains and fan shutters would be sealed with plastic for the VSD event (Table 6.2). Average 
barn conditions and unsealed curtains and fan shutters were assumed for the Average infiltration 
level. High infiltration rate assumed the upper range of the 95% confidence interval for average 
facilities. Infiltration rates were calculated using data from Jadhav et al. (2018). 
Table 6.2. Calculations for air infiltration rates based on Low, Average, or High infiltration 
levels. Equations were from Jadhav et al. (2018), where dP (Pa) was the pressure differential 
between indoor and ambient. 
Infiltration Level Infiltration Rate (ACH) 
Low 0.369 × 𝑑𝑃0.689 
Average 2.41 × 𝑑𝑃0.303 
High 2.72 × 𝑑𝑃0.343 
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Initial Conditions  
An exponential equation was used to determine desired room set point, Tset, based on 
typical commercial practices (PIC UK Ltd., 2019). Then, the initial Tin for each simulation was 
calculated based on average pig body weight (W). It was assumed that initial Tin could not be 
less than 2°C above ambient temperature without the presence of evaporative cooling pads 
(Equation 6.2). Initial indoor RH was assumed to be 60%, if no evaporative cooling pads were 
present. 
 
𝑇𝑖𝑛1 = max(43.69 × 𝑊
−0.2463 + 0.9195, 𝑇𝑎𝑚𝑏 + 2) (6.2) 
 
Where Tin1 (°C) was initial indoor temperature, W (kg) was average pig body weight, 
and Tamb (°C) was ambient dry bulb temperature. If evaporative cooling pads were present in 
the facility to be modeled, it was assumed the evaporative cooling pads would be activated if 
Tout exceed Tset+2°C. Then, initial Tin was instead calculated with Equation 6.3. 
 
𝑇𝑖𝑛1 = 𝑇𝑎𝑚𝑏 −  η (Tamb − Tamb𝑤𝑏)  (6.3) 
   
Where Tamb (°C) is the ambient dry bulb temperature, Tambwb (°C) is the ambient wet 
bulb temperature, and η is the efficiency of the evaporative cooling pads and was assumed to be 
80% (Gates et al., 1991). Then, using Tin1 and Tambwb the indoor RH could be calculated.  
Initial indoor CO2 concentrations were determined based on conditions during typical 
facility operation for the input animal weight and ambient conditions. The minimum ventilation 
rate, Vmin, for typical operation was set based on MidWest Plan Service 32. Using Tset and 
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SHP (see Table 6.2) for the given Tset, the minimum ambient temperature below which 
supplemental heat must be added to maintain Tset (Tbalance) could be calculated using Equation 
6.4. 
 
𝑇𝑏𝑎𝑙𝑎𝑛𝑐𝑒 =
𝑉𝑚𝑖𝑛 × 𝐶𝑝 × 𝑇𝑠𝑒𝑡 − 𝑆𝐻𝑃 + 𝑈𝐴𝑛𝑒𝑡 × 𝑇𝑠𝑒𝑡
𝑉𝑚𝑖𝑛 × 𝐶𝑝 + 𝑈𝐴𝑛𝑒𝑡
 
(6.4) 
  
Where Tbalance (°C) is the minimum ambient temperature below which supplemental 
heat must be added to maintain Tset during typical operation, Vmin (m3 s-1) is the minimum 
ventilation rate, Cp (1006 J kg-1 K) is the specific heat capacity of air. SHP (W) is the sensible 
heat production of the animals at Tset, UAnet (W °C-1) is the overall building heat loss factor, 
and Tset (°C) is the desired indoor setpoint.  
If Tamb was less than or equal to Tbalance, then the facility would have been utilizing 
minimum ventilation prior to VSD onset and the initial indoor CO2 concentration was set at 
2,000 ppm. It was assumed the facility would have been operating at maximum ventilation when 
Tamb was equal to or greater than Tbalance+5.5°C with an indoor CO2 concentration of 500 
ppm (Sun et al., 2008). For Tamb values between Tbalance and Tbalance+5.5°C, the initial 
indoor CO2 was calculated using linear interpolation. 
It was assumed that just prior to VSD onset Teff was below Tin due to typical 
commercial ventilation practices such as elevated airspeed in tunnel ventilation and sprinklers. 
While Tin was expected to increase rapidly after VSD began, it was assumed that Teff would not 
instantaneously become equal to Tin. Due to the thermal mass of the pigs and rate of heat 
transfer between the pig and its environment, time is required for Teff to approach and become 
133 
 
equal to Tin. Therefore, the initial Teff was based on Tec and Tlc, defined in Equations 6.5 and 
6.6 (Bruce and Clark, 1979). 
 
𝑇𝑙𝑐 =  17.8 −  0.0375 × 𝑊 (6.5) 
𝑇𝑒𝑐 =  40.9 −  4.4 × log(1 +  𝑊) (6.6) 
 
Where Tlc (°C) was pig lower critical temperature, W (kg) was pig weight, and Tec (°C) 
was pig evaporative critical temperature.  
If Tin1 was below Tec, then the Teff1 was calculated as Tlc+2°C, as the pigs were likely 
thermoneutral prior to VSD onset (Figure 6.1). As the simulation progressed, Teff was held 
constant until Tin exceeded Tec. Then, Teff was increased by 0.04°C s-1 until it was equal with 
Tin (Figure 6.2). If Tin1 was greater than Tec, the pigs were above the thermoneutral zone, 
however, with typical heat mitigation strategies pigs would not have been heat stressed prior to 
VSD onset and Teff1 was equal to Tec. Once the simulation began, Teff increased by 0.04°C s
-1 
until it was equal to Tin.  
Figure 6.1. Logic flow for determination of initial pig feel temperature (Teff1), based on initial 
indoor dry bulb temperature (Tin1), lower critical temperature (Tlc), and evaporative critical 
temperature (Tec). 
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Figure 6.2. Logic flow for determining effective pig temperature (Teffi) for each iteration based 
on indoor dry bulb temperature (Tini), lower critical temperature (Tlc), and evaporative critical 
temperature (Tec). 
 
Live Pig Body Size 
The surface area and diameter of individual pigs were calculated using equations 
proposed by Bruce and Clark (1979) (Equations 6.7 and 6.8). By approximating the pig body 
shape as a cylinder, the length and volume of individual pigs were estimated. It was assumed that 
all pigs would be lying down for the duration of the simulation and that 40% of the pig surface 
area would be in contact with the floor for heat transfer via conduction, leaving 60% of the 
surface area exposed to air for convective and radiative heat transfer. The total volume of space 
occupied by pigs was subtracted from the interior volume of the facility to provide a more 
reasonable estimate of the volume of air within the facility. 
 
SA =  0.09 × W
2
3 (6.7) 
d𝑝𝑖𝑔  =  0.052 × W
1
3 (6.8) 
 
Where SA (m2) is the surface area of an individual pig and W (kg) is the mean weight of 
the pigs in the facility, and dpig (m) is defined as the diameter of an individual pig.  
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Heat, Moisture, and CO2 Production of Live Animals 
Heat production data for live pigs were calculated based on Tin and W. Calorimetry 
equations developed by Brown-Brandl et al. (2014) were used to determine THP and LHP of 
pigs weighing 10 to 150 kg. For body weights greater than 150 kg, equations derived from data 
by Stinn & Xin (2014) were used (Table 6.3). 
Table 6.3. Equations for total heat production (THP) and latent heat production (LHP) for 
specified body weight (W) ranges. Sensible heat production from live pigs (SHPalive) was 
calculated as THP-LHP for all groups. 
Weight Range (kg) Equations Source 
10 to <20 
log10(THP) = 0.715-0.0025×Teff+0.0211×log10(W) 
Brown-Brandl et al. (2014) 
LHP = -2.26+0.194×Teff+0.0679×W-0.0034×Teff×W 
20 to <45 
log10(THP) = 1.288-0.005×Teff-0.371×log10(W) 
LHP = -1.64+0.173×Teff+0.021×W-0.0016×Teff×W 
45 to 150 
log10(THP) = 1.792-0.0074×Teff-0.632×log10(W) 
LHP = -0.64+0.117×Teff+0.0019×W-0.00054×Teff×W 
>150 to <165 Assumed THP and LHP are same as 165 kg pigs  
165 to 210 
THP=8.694-0.038×Teff-0.02933×W 
Derived from Stinn & Xin (2014) data 
LHP = -0.484+0.1768×Teff-0.0006667×W-0.0005333×Teff×W 
 
Pigs with mass less than 10 kg were assumed to produce heat at the same rate as 10 kg 
pigs, and W between 150 and 165 kg was assumed as 165 kg. Any W exceeding 210 kg was 
assumed as 210 kg. Limits were placed such that THP could not be less than 0.01 W kg-1 and 
LHP could not exceed 70% of THP. Then, SHPalive was calculated as the difference between 
THP and LHP.  
For individual pigs, Mp was calculated as a function of LHP and CO2p as a function of 
THP (Equations 6.9 and 6.10). 
 
𝑀𝑝 =
𝐿𝐻𝑃
2427000 
𝐽
𝑘𝑔
 
(6.9) 
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𝐶𝑂2𝑝 =
𝑇𝐻𝑃
24.6 
𝐽
𝑚𝐿 𝐶𝑂2
 
(6.10) 
 
Where Mp (kg H2O s
-1) is the moisture produced by one pig, LHP (W kg-1) and 
THP (W kg-1) are latent and total heat produced by the pigs, CO2p (mL s
-1) is the CO2 
produced by one pig. 
 
 
Mortalities 
It was assumed that pigs would begin to die due to hyperthermia when internal body 
temperature reached 43°C. The minimum Tin that would result in a lethal internal body 
temperature, Tlethal, was determined based on W (Usry et al., 1992). The amount of time Tin 
needed to be above Tlethal to result in mortality was varied to reflect differences in individual 
pig heat tolerances, pig body weight, and localized temperature differences within the facility. A 
random normal distribution was generated for the time tolerance such that the first mortality 
would occur after approximately 5 min of Tin above Tlethal, average mortality would occur after 
30 min, and the final mortality after 1 h. This selection of mortality distribution was 
approximately based on AVMA VSD+ criteria and empirical data reported by Zhao et al. (2019) 
during VSD in a poultry layer breeder facility.  
Elapsed seconds when Tin exceeded Tlethal were cumulatively recorded. In each 
iteration that Tin exceeded Tlethal, the cumulative counter was increased by either the difference 
between Tin and Tlethal or by a value of one, whichever was greater. Warmer temperatures have 
a greater impact on pig survivability and were therefore weighted more heavily in the simulation. 
Once the counter exceeded the specified time tolerance for a specific pig, that pig was recorded 
as a mortality.  
137 
 
Moisture, CO2, and heat generation were assumed to be zero instantaneously at time of 
death. However, if the body temperature of a mortality was greater than Tin, the carcass could 
still release sensible heat into the environment. At time of death, it was assumed the mean 
internal body temperature was 43°C and the carcass was interacting with the environment at a 
skin temperature of Tpfilm, the average of internal body temperature and Tin. This was used to 
calculate SHPcarcass, assuming that 60% of the pig’s surface area was in contact with the air 
(Equation 6.11). 
 
𝑆𝐻𝑃𝑐𝑎𝑟𝑐𝑎𝑠𝑠 = 𝑆𝐴 × 0.6 × ℎ𝑝𝑖𝑔 × (𝑇𝑝𝑓𝑖𝑙𝑚 − 𝑇𝑖𝑛) (6.11) 
 
Where SHPcarcass (W) is the sensible heat produced a given pig carcass, SA (m2) is the 
surface area of a given pig carcass, hpig (W m-2 °C-1) is the convective heat transfer coefficient 
between pig carcass and air, Tpfilm (°C) is the average of pig internal body temp and Tin, and 
Tin (°C) is the indoor dry bulb temperature. 
Then, a new internal body temperature for each carcass could be calculated (Equation 
6.12). It was assumed that the specific heat of the carcass was equivocal to the specific heat of 
water. 
 
𝑇𝑏𝑜𝑑𝑦 𝑖+1 =  𝑇𝑏𝑜𝑑𝑦𝑖 −
𝑆𝐻𝑃𝑐𝑎𝑟𝑐𝑎𝑠𝑠
𝑊 × 𝐶𝑝𝑤
 (6.12) 
 
Where Tbody (°C) is the average internal body temperature of a given carcass, 
SHPcarcass (W) is the sensible heat produced by a given carcass, W (kg) is the body weight, and 
Cpw (J kg-1 °C-1) is the specific heat of water.  
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For simplicity, it was assumed that when Tpfilm was less than Tin heat transfer did not 
occur between the pig carcass and the environment. The cumulative heat contribution of 
carcasses is described as SHPcarcassnet (Equation 6.13). 
 
𝑆𝐻𝑃𝑐𝑎𝑟𝑐𝑎𝑠𝑠𝑛𝑒𝑡𝑖 = 𝑠𝑢𝑚(𝑆𝐻𝑃𝑐𝑎𝑟𝑐𝑎𝑠𝑠) (6.13) 
 
Where SHPcarcassnet (W) is the sensible heat produced by all carcasses and SHPcarcass 
(W) is the sensible heat produced by an individual carcass.  
 
Energy Balance 
Heat loss due to air leakage from the facility was calculated in Equation 6.14. Indoor air 
properties were updated with each iteration using psychrometric equations (ASHRAE, 2013).   
 
𝑞𝑙𝑒𝑎𝑘𝑖 =  
𝐴𝐶𝐻 × 𝑉
3600
× 𝑟ℎ𝑜𝑖𝑛 × 𝐶𝑝𝑎 × (𝑇𝑖𝑛𝑖 − 𝑇𝑎𝑚𝑏) (6.14) 
 
Where qleak (W) is facility heat loss due to air leakage, ACH (h-1) is the facility leakage 
rate, V (m3) is the volume of air within the facility, rhoin (kg m-3) and Cpa (J kg-1 °C-1) are the 
density and specific heat of indoor air. Tin (°C) is the indoor dry bulb temperature and Tamb 
(°C) is the ambient dry bulb temperature.  
Solar radiation and conductive heat loss through the building shell were accounted for by 
using sol-air temperature, as expressed in Equation 6.15 (Albright, 1990). 
 
𝑞𝑠ℎ𝑒𝑙𝑙𝑖 = 𝑈𝐴𝑛𝑒𝑡 × (𝑇𝑖𝑛𝑖 − 𝑇𝑠𝑎) (6.15) 
139 
 
  
 Where qshell (W) is the conductive heat loss through the facility, UAnet (W °C-1) is the 
building heat loss factor, Tin (°C) is the indoor dry bulb temperature, and Tsa (°C) is the sol-air 
temperature.  
During a VSD event, heat transfer occurs between the air and pigs above the slats and the 
slats themselves. It was assumed that the temperature of the top of the slats, Tslatfilm, would be 
2°C less than Tin at each iteration to incorporate the conduction between slats and pigs. The 
convective heat treansfer between slats and indoor air was quantified using Equation 6.16. 
Convection below the slats was ignored, as it was assumed that the headspace would have still 
air and act as a heat sink (Seo et al., 2012).  
 
𝑞𝑠𝑙𝑎𝑡𝑖 = ℎ𝑠𝑙𝑎𝑡 × (𝐴 − 𝑆𝐴𝑝𝑖𝑔) × (𝑇𝑖𝑛𝑖 − 𝑇𝑠𝑙𝑎𝑡𝑓𝑖𝑙𝑚𝑖) (6.16) 
 
Where qslat (W) is the heat loss through the slats, hslat (W m-2 °C-1) is the convective 
heat transfer coefficient between slat and air, Tin (°C) is the indoor dry bulb temperature, and 
Tslatfilm (°C) is the temperature of the slat film.  
The qheater term accounted for supplemental heat input into the simulation. Total SHP 
for each iteration was calculated as the sum of SHPalive and SHPcarcassnet. Combining all 
terms, the updated Tin for each iteration could be calculated with Equation 6.17 (Figure 6.3). A 1 
s time step was used for each iteration. 
 
𝑇𝑖𝑛𝑖+1 =  𝑇𝑖𝑛𝑖  +  
𝑆𝐻𝑃𝑖 + 𝑞ℎ𝑒𝑎𝑡𝑒𝑟 − 𝑞𝑙𝑒𝑎𝑘𝑖 − 𝑞𝑠ℎ𝑒𝑙𝑙𝑖 − 𝑞𝑠𝑙𝑎𝑡𝑖
𝑉 × 𝑟ℎ𝑜𝑖 × (𝐶𝑝𝑎 + 𝐶𝑝𝑤 × 𝑊𝑖)
 (6.17) 
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Where Tin (°C) is the indoor dry bulb temperature, SHP (W) is the sensible heat 
production of live pigs and carcasses, qheater (W) is the amount of supplemental heat, qleak (W) 
is the facility heat loss due to air leakage, qshell (W) is the conductive heat loss through the 
facility, and qslat (W) is the heat loss through the slats, V (m3) and rhoi (kg m-3) are the volume 
and density of indoor air, Cpa (J kg-1 °C-1) is the specific heat of indoor air, Cpw (J kg-1 °C-1) is 
the specific heat of water, and Wi (kg H20 kg air
-1) is the moisture content of indoor air.   
Figure 6.3. Heat, moisture, and CO2 balances for the facility during ventilation shut down. Air 
leakage from the facility was shown by qleak, M leak, and CO2 leak terms. Heat loss through the 
building shell was represented by qshell. Solar radiation was accounted for by using sol-air 
temperature when calculating qshell. Heat transfer to the slats was shown by qslat. Pigs were 
producing moisture (Mp), carbon dioxide (CO2p), and sensible heat (SHP). Supplemental heaters 
provided heat, moisture, and CO2 as shown by the qheater, Mp heater, and CO2 heater terms 
respectively.  
 
Determination of Supplemental Heat Requirements 
An iterative process was used to determine the amount of supplemental heat required to 
achieve animal mortality (greater than 95% mortality at 1 h) and HI (indoor temperature greater 
than 56°C at 1h and sustainable for 70 min). In both assessments, the amount of supplemental 
heat applied was increased by 500 W until the simulation was successful. Heaters were initially 
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turned on in the simulation and remained on until indoor room temperature exceed 59°C. Once 
Tin dropped below 57°C the heaters resumed operation. This ensured the facility and 
components could be heated to 56°C without unnecessary overheating.  
The first data set was generated without supplemental heat and assumed the average air 
infiltration rate. In each of these scenarios, facilities were assumed to be of typical mechanically 
ventilated, curtain-sided construction without evaporative cooling pads. Facility construction 
type and number of pigs were held constant to demonstrate the impacts of varying animal 
weight, air leakage, and ambient conditions. Constant inputs for the scenario results presented 
are shown in Table 6.4. Pig body weights selected for the no supplemental heat scenarios were 
chosen to be representative of nursery pigs (10 kg), market weight (130 kg), and sows (200 kg).  
Table 6.4. Constant input values used to calculate the selected scenarios presented. 
Name Description Value 
Facility Dimensions Length × Width × Ceiling Height 29.4 × 31.0 × 2.4 m 
UAnet Building heat loss factor 900 W °C-1 
N Number of animals 1200 
alpha Solar radiation absorptivity 0.1 
Epsilon Surface emittance for radiation 0.9 
hout Convective heat transfer coefficient of exterior walls 35 W m-2 °C-1 
hpig Convective heat transfer coefficient between pig carcass and air 3 W m-2 °C-1 
hslat Convective heat transfer coefficient between slat and air 3 W m-2 °C-1 
Cpw Specific heat of water 4.18 J g-1 °C-1 
 
The second data set calculated minimum supplemental heat requirements assuming the 
same facility construction as simulations without supplemental heat. Only pig body weight and 
air infiltration rate were varied to demonstrate the importance of animal size and facility 
condition on VSD+. Supplemental heat calculations were performed for body weights of 10, 70, 
130, and 200 kg. 
 The third data set was developed using typical facility designs for various stages of swine 
production. One room was simulated at nursery, grow-finish, stall gestation, and pen gestation 
facilities. Simulations were calculated at low, average, and high air infiltration rates. Specific 
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input values used for each stage of production can be found in Table 6.5 (Gonyou et al., 2013, 
2006; Kliebenstein et al., 2009; Midwest Plan Service, 1983).  
Table 6.5. Parameter inputs used to simulate typical facilities for various stages of swine 
production. BW – average body weight, UAnet – building heat loss factor.  
Input Nursery Grow-Finish Gestation – Stall Gestation – Pen 
Facility Dimensions (m) (L × W × H) 19.7 × 12.2 × 2.4 29.4 × 31.0 × 2.4 62.8 × 11.6 × 2.4 62.8 × 15.5 × 2.4 
Space Allocation (m2 hd-1) 0.24 0.7 1.3 1.7 
Number of Animals 1000 1200 400 400 
BW (kg) 20 130 210 210 
UAnet (W °C-1) 444 900 810 734 
 
Results and Discussion 
No Supplemental Heat 
When no supplemental heat was applied in the VSD+ simulations, the goal of greater 
than 95% mortalities within 1 h was achieved in some scenarios with higher ambient temperature 
and heavier pig body weights (Table 6.6). For many scenarios there were no mortalities. Further, 
indoor temperatures did not reach the minimum target of 56°C needed for HI for any of the 
scenarios tested without supplemental heat (Figure 6.4). Relative humidity increased in most 
scenarios, as live pigs contribute moisture concentrations in the air through respiration. The 
initial decrease in RH for 130 kg and 200 kg pigs is due to the rapid initial increase in Tin. The 
RH was greater at lower temperatures as cold air has lower water holding capacity than warm 
air.  
Table 6.6. Mortality percentage 1 h after onset of VSD+ without supplemental heat for various 
ambient temperatures and pig body weights. Identical facility construction and number of 
animals (1,200) were used in each simulation. 
Ambient Temperature (°C) 
Body Weight (kg) 
10 130 200 
-30 0.0 0.0 17.7 
-20 0.0 0.0 69.2 
-10 0.0 1.0 95.7 
0 0.0 58.8 100.0 
10 0.0 99.4 100.0 
20 0.0 99.9 100.0 
30 81.8 100.0 100.0 
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Figure 6.4. Indoor temperature and relative humidity for simulations of VSD+ without 
supplemental heat for various ambient conditions and pig body weights. Assumptions of facility 
parameters used for simulations can be found in Table 6.3. 
 
Concentration of CO2 was generally greater with increasing body weight and decreasing 
ambient temperature (Figure 6.5). Larger animals produce more CO2, and at dry-bulb air 
temperatures between the animal’s lower critical temperature and the middle of the 
thermoneutral zone the animals produce more THP which is directly related to CO2 production 
(Equation 6.7). When no supplemental heat is provided the animals the only source of CO2, so in 
scenarios that had mortalities the CO2 concentrations initially increased similar to the non-
mortality simulations then began to decrease as mortalities occurred. Indoor CO2 concentrations 
144 
 
ranged from approximately 1,000 to 10,000 ppm (0.1 to 1.0%). These levels are well below the 
63% CO2 recommended to achieve lethal hypoxia in swine up to 154 kg (Meyer et al., 2014). 
Pigs tolerate CO2 levels up to 30% for food rewards, so it is unlikely that the levels experienced 
during VSD+ would be aversive to swine (Meyer et al., 2014).  
 
 Figure 6.5. Indoor CO2 concentrations for simulations of VSD+ without supplemental heat for 
various ambient conditions and pig body weights. Assumptions of facility parameters used for 
simulations can be found in Table 6.3. 
 
With Supplemental Heat 
The amount of supplemental heat required to achieve pig mortality varied with ambient 
temperature, pig body weight, and air infiltration conditions (Table 6.7). Values represent the 
minimum heat required.  
When varying only animal body weight, supplemental heat required to achieve HI was 
greater than the supplemental heat needed for pig mortalities (Table 6.8). This was expected, as 
mortalities occur when internal body temp reaches 43°C but HI is not achieved until 56°C. As 
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mortalities occurred within the first hour of VSD+, animal heat production did not make 
significant contributions towards achieving the desired Tin. Therefore, body weight did not have 
as much of an influence on supplemental heat required for HI as it did to achieve mortalities. 
Facility construction and ambient conditions had larger impacts on heating needs. 
During the process of combustion, the supplemental heaters also contributed to RH and 
CO2 concentrations. However, with the increased Tin, RH was lower in scenarios with 
supplemental heat compared to identical scenarios without supplemental heat. It is advantageous 
to have higher RH during VSD+, as high RH can exacerbate the effects of heat stress and 
accelerate death. The contributions to CO2 from supplemental heaters were relatively small 
compared to pig CO2 production and were below levels known to be aversive to swine (Meyer et 
al., 2014).  
When evaluating typical conditions for various stages of production, the least amount of 
supplemental heat was required for the nursery facility (Table 6.9). The nursery had the smallest 
dimensions and building heat loss factor; therefore, it had the smallest mass of air to heat and lost 
the least amount of heat to the ambient environment. Greater supplemental heat was required to 
achieve mortality and HI for facilities using gestation pens compared to gestation stalls. This was 
expected, as facilities with pens have a greater space allocation and therefore lower stocking 
density. Further, greater facility dimensions are required to house the same number of animals in 
pens compared to stalls, increasing the building heat loss factor and mass of air to be heated.  
  
 
 
1
4
6
 
Table 6.7. Minimum supplemental heat required to achieve greater than 95% mortality within 1 h of VSD+ onset for various body 
weights, ambient conditions, and air leakages. Values shown are in kW. Assumptions of facility parameters used for simulations can 
be found in Table 6.4. 
Tamb (°C) 
 Low Air Infiltration  Average Air Infiltration  High Air Infiltration 
 Body Weight (kg)  Body Weight (kg)  Body Weight (kg) 
 10 70 130 200  10 70 130 200  10 70 130 200 
-30  83.5 56.0 27.0 0.0  192.0 160.5 126.5 64.5  215.5 182.0 147.5 85.5 
-20  65.5 38.5 10.0 0.0  153.5 122.5 91.0 31.0  171.0 138.0 104.5 44.0 
-10  49.5 23.0 0.0 0.0  117.0 86.5 56.0 0.0  129.5 98.0 64.5 5.0 
0  34.5 8.5 0.0 0.0  83.0 53.0 22.0 0.0  90.5 59.0 28.0 0.0 
10  21.0 0.0 0.0 0.0  52.0 21.0 0.0 0.0  55.5 22.5 0.0 0.0 
20  9.0 0.0 0.0 0.0  23.0 0.0 0.0 0.0  24.0 0.0 0.0 0.0 
30  0.0 0.0 0.0 0.0  2.5 0.0 0.0 0.0  2.5 0.0 0.0 0.0 
Table 6.8. Minimum supplemental heat required to achieve 56°C within 1 h of VSD+ for virus heat inactivation (HI). Values shown 
are in kW. Assumptions of facility parameters used for simulations can be found in Table 6.4. 
Tamb (°C) 
 Low Air Infiltration  Average Air Infiltration  High Air Infiltration 
 Body Weight (kg)  Body Weight (kg)  Body Weight (kg) 
 10 70 130 200  10 70 130 200  10 70 130 200 
-30  124.5 117.5 113.5 110.5  255.5 241.0 232.5 224.0  284.5 267.0 257.0 247.0 
-20  106.5 99.5 96.0 93.5  216.0 202.0 194.5 187.5  238.5 221.5 212.5 204.5 
-10  89.5 83.0 79.5 77.5  178.5 165.0 158.0 152.0  194.5 178.0 170.5 163.5 
0  74.0 67.5 64.5 62.5  142.5 128.5 122.5 117.0  153.0 136.5 129.5 123.5 
10  59.5 53.5 500 48.0  108.0 91.5 84.0 77.5  114.0 94.5 86.0 79.0 
20  46.5 42.0 40.5 39.0  74.0 63.0 61.5 59.5  76.0 63.5 61.5 59.5 
30  35.0 32.5 30.5 29.0  49.0 47.0 45.0 43.5  49.5 47.0 45.5 44.0 
Table 6.9. Minimum supplemental heat requirements to achieve >95% mortality and 56°C within 1 h of VSD+ for virus heat 
inactivation (HI). Values are shown in kW and were determined using parameters in Table 6.5. 
Tamb (°C) 
>95% Mortality within 1 h  Virus Heat Inactivation 
Nursery Grow-Finish Gestation – Stall Gestation – Pen  Nursery Grow-Finish Gestation – Stall Gestation – Pen 
-30 48.0 126.5 146.0 178.5  82.5 232.5 196.5 235.5 
-20 35.5 91.0 115.0 140.0  70.5 194.5 164.5 196.0 
-10 24.5 56.0 85.5 103.5  58.5 158.0 133.5 158.0 
0 13.5 22.0 57.5 69.5  47.0 122.5 103.0 120.5 
10 3.0 0.0 28.0 32.0  36.0 84.0 69.0 78.5 
20 0.0 0.0 12.5 16.0  23.5 61.5 53.5 61.0 
30 0.0 0.0 0.0 0.5  17.5 45.0 39.5 45.0 
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Additional Considerations 
Values in Tables 6.7 to 6.9 are the minimum supplemental heat required. Heaters with 
rated capacity greater than the minimum requirement should be selected, as Hayes et al. (2013) 
found heaters in swine facilities to operate at 98% of rated capacity. Additionally, if further 
supplemental heat was used mortalities would occur more rapidly and potentially reduce animal 
discomfort. Using supplemental heat values greater than the minimum required could also 
improve heat distribution and mixing within the facility. 
In this model, the manure pit is treated as a heat sink of constant temperature. In reality, 
all waste would also need to be heated to 56°C in order to achieve HI of the ASF virus. 
Additional research is needed to understand the mechanics of virus inactivation in the pit by 
forced air heating, heating the manure directly, or treating the manure with an alternative 
chemical method. 
Though the presented simulations were developed in response to disease pressure from 
ASF, the flexibility of the model allows for simulation of other temperatures and target viruses. 
For example, the temperature for HI success could be changed to 50°C to achieve HI of FMD 
((OIE) World Organisation for Animal Health, 2017). A user-friendly internet interface is under 
development to make the simulation model accessible to the general public. This would allow 
individual producers to enter site specific facility parameters and better prepare for a VSD+ 
event.  
 
Conclusions 
A computer simulation tool was developed to model indoor conditions during ventilation 
shut down with supplemental heat (VSD+) to achieve rapid depopulation at virus heat 
inactivation (HI) in swine facilities. The simulation was developed such that site-specific facility 
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construction, air leakage, animal number and body weight, and ambient conditions could be 
used. Results showed that for typical facility construction VSD alone was not sufficient in most 
scenarios to achieve greater than 95% mortality within 1 h per AVMA guidelines. Supplemental 
heat required increased with decreasing pig body weight, ambient temperature, and air tightness. 
Further supplemental heat was required to achieve HI for the targeted ASF virus, though pig 
body weight did not have as much of an impact for this goal. Resulting look up tables can be 
used by producers and governing agencies to prepare for and respond to emergency disease 
outbreaks when rapid depopulation of swine facilities is necessary.  
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CHAPTER 7.    GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE STUDIES 
This dissertation presents five manuscripts to address current challenges in the US 
commercial swine industry. They provide science-based information to guide swine production 
with regards to sow and neonate housing and management, as well as how to respond in the 
event of a disease emergency.  
Chapter 2 highlights how technology can be implemented in a research setting to explore 
solutions for commercial production. Computer vision systems enable continuous, impartial 
observations to be made simultaneously on a relatively large (60) number of animals, allowing 
for many experimental replicates to be collected efficiently. Automated processing algorithms 
can speed up data notation, enable analysis of large amounts of data that would be impossible 
through human observation, and eliminate observer bias. As demonstrated in Chapter 2, 
computer vision systems have the potential to achieve high levels of accuracy. Future work in 
this area can fully automate the processing algorithm and strive for identification of other sow 
behaviors such as bar biting and/or piglet nosing.  
Chapters 3 and 4 investigated providing one or two supplementary heat lamps in three 
farrowing stall layouts: traditional, expanded creep area, and expanded sow and creep areas. 
Results from these chapters revealed that while no production differences were found, behavioral 
differences were noted in both sows and piglets. Sows in wider stalls spent significantly more 
time lying down and less time sitting than the other stall layouts, suggesting that the additional 
space had a positive impact on sow welfare. Stalls that provided greater creep floor area did 
result in piglets spending more time in the heated and unheated creep areas and less time in the 
sow area. Further, sows with two heat lamps in the creep areas had greater proportion of time 
spent lying compared to sows with one heat lamp in the creep area. Piglets in stalls with two heat 
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lamps spent significantly more time in the heated creep areas and less time in the sow area, both 
of which are thought to have positive influences on survivability. However, no statistical 
differences in PWM or piglet weight gain were found. Providing additional space or a second 
heat lamp can improve sow and piglet welfare; however, these changes also elevate production 
costs and the configurations tested in the current study showed no direct production benefits.  
The lack of statistical differences in production outcomes among the stall layouts or 
number of heat lamps could have been due to the other production-influencing factors, such as 
sow parity and turn. Another potential reason is that the increases in floor areas that were tested 
were not large enough to produce a production difference. Future work can investigate if the 
provision of additional floor area for piglets and sows impact production or alter behaviors. The 
quality of the spaces provided is also worthy of future investigation. It was found that piglets did 
not utilize the provided zones equally; hence, providing different flooring types or dimensions 
for the creep areas might produce different results.  
The research presented in Chapter 5 demonstrates that it is possible to accurately quantify 
sow static and dynamic space usage with a thoroughly calibrated computer vision system. 
Results of that quantification indicated that typical gestation stall dimensions do restrict sow 
space usage when lying fully recumbent and performing postural transitions. As stated in 
Chapter 5, stall dimensions of 196 × 115 × 93 cm (L × W × H) would be needed to provide an 
average sow (228 kg) with adequate space to perform postural transitions freely. This outcome 
suggests that traditional stall dimensions seem inadequate, especially when considering stall 
width and sow depth of body when lying recumbent. However, restrictions on space usage may 
not directly imply negative welfare changes. Efficient use of space is important for economical 
and safe production of pork, and further work is needed to understand how the direction and 
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degree of restriction may influence sow behavior and welfare. For example, if stall width is less 
than uninhibited space usage width, a sow may be able to adequately cope if sufficient length is 
provided. Future work can explore how such proposed changes may influence the posture 
transition processes and sow body condition.  
Chapter 6 demonstrated that in most cases supplemental heat will be necessary in order to 
successfully implement VSD+ in a swine facility. As expected, the amount of supplemental heat 
required varied with facility type, quality of construction, number and body weight of pigs, and 
ambient conditions. Understanding these factors and their interactions is critical to successful 
rapid depopulation to reduce animal suffering and spread of highly infectious diseases. Look up 
tables provide general guidance on heating needs to quickly euthanize the infected animal herd 
as well as virus inactivation. Future work on an internet-based user interface will expand the 
usability of the model to swine industry stakeholders. In this manner, producers and integrators 
could predict heating needs for their own facilities and plan accordingly. If an opportunity 
becomes available, a VSD event would help to validate the computer model and provide further 
insight into heat transfer between carcasses and facility components. These results can be used to 
refine and enhance the scope of the computer model by quantifying temperatures of carcasses, 
flooring, and manure pits.  
The experiments and information provided in this dissertation fill some knowledge gaps 
by addressing current issues in commercial swine production. Specifically, this dissertation 
makes recommendations for farrowing stall layout and number of supplemental heat lamps based 
on sow and piglet production and behavior. Recommendations are also made on stall dimensions 
to provide gestating sows with unrestricted space based on body weight. Finally, a simulation 
tool is presented to guide in the planning and implementation of VSD+. Overall, this dissertation 
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addresses some of the challenges faced by modern commercial swine producers as they strive to 
help feed the world.  
